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ABSTRACT
Ultraviolet (UV) light emitting diodes (LEDs) are promising light sources for
purification, phototherapy, and resin curing applications. Currently, commercial UV
LEDs are composed of AlGaN-based n-i-p junctions grown on sapphire substrates.
These devices suffer from defects in the active region, inefficient p-type doping, and
poor light extraction efficiency.
This dissertation addresses the development of a novel UV LED device structure,
grown on p-SiC substrates. In this device structure, the AlGaN-based intrinsic (i)
and n-layers are grown directly on the p-type substrate, forming a p-i-n junction. The
intrinsic layer (active region) is composed of an AlN buffer layer followed by three
AlN/Al0.30Ga0.70N quantum wells. After the intrinsic layer, the n-layer is formed
from n-type AlGaN. This device architecture addresses the deficiencies of UV LEDs
on sapphire substrates while providing a vertical device geometry, reduced fabrication
complexity, and improved thermal management.
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The device layers were grown by molecular beam epitaxy (MBE). The material
properties were optimized by considering varying growth conditions and by consid-
ering the role of the layer within the device. AlN grown at 825 C and with a Ga
surfactant yielded material with screw dislocation density of 1×107 cm−2 based on
X-ray diffraction (XRD) analysis. AlGaN alloys grown in this work contained compo-
sitional inhomogeneity, as verified by high-resolution XRD, photoluminescence, and
absorption measurements. Based on Stokes shift measurements, the degree of compo-
sitional inhomogeneity was correlated with the amount of excess Ga employed during
growth. Compositional inhomogeneity yields carrier localizing potential fluctuations,
which are advantages in light emitting device layers. Therefore, excess Ga growth
conditions were used to grow AlN/Al0.30Ga0.70N quantum wells (designed using a
wurtzite k.p model) with 35% internal quantum efficiency. Potential fluctuations
limit the mobility of carriers and introduce sub-bandgap absorption, making them
undesirable in the n-AlGaN layers. n-Al0.60Ga0.40N grown under stoichiometric Ga
flux and an In surfactant reduced the Stokes shift (compared to n-AlGaN grown with-
out In) by 150 meV. However, even under these growth modes, some compositional
inhomogeneity persisted which is speculatively attributed to the vicinal substrate.
Device epitaxial layer stacks utilizing the optimum growth conditions were fabricated
into prototype vertical UV LEDs which emit from 295-320 nm.
In order to increase light extraction efficiency, UV distributed Bragg reflectors
(DBRs) based on compositionally graded AlGaN alloys were designed using the trans-
fer matrix method (TMM) and grown by MBE. DBRs were formed from repeated
compositionally graded AlGaN alloys. This structure utilized the polarization doping
and index of refraction variation of graded composition AlGaN. DBRs with square
wave, sinusoidal, triangular, and sawtooth compositional profiles were realized, with
reflectivity peaks over 50%, centered at 280 nm.
vii
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1Chapter 1
Introduction
The ultraviolet (UV) regime of the electromagnetic spectrum is partitioned by wave-
length into UVA (400-320 nm), UVB (320-290 nm), and UVC (290-200 nm). Ultra-
violet light is required in systems addressing purification, phototherapy, plant growth
and resin curing applications. Ultraviolet light is most commonly generated from
Deuterium, Xe, and Hg discharge lamps and light emitting diodes (LEDs). The spec-
tral tunablity, compact nature, high-speed, and potential high-efficiency of UV LEDs
make them attractive options for UV systems.
1.1 Applications of Ultraviolet Light
Life on earth is vulnerable to UVB and UVC radiation. The DNA of micoorgan-
isms absorbs light with wavelengths between 250 and 280 nm. Due to the absorp-
tion, the DNA can structurally change which neutralizes the pathogen by preventing
replication. This phenomena has been utilized for Ultraviolet Germicidal Irradiation
(UVGI), which can be applied to water, food, and air sources to neutralize viruses,
mold, and bacteria. UVGI systems have been demonstrated using Hg lamps and UV
LEDs. Hg lamps provide higher output powers, however they have fixed spectral
intensities and toxicity concerns due to mercury. UV LEDs have lower output powers
but are spectrally tunable, can be operated at lower voltages, have smaller form-
factors, and require no warm-up time. For these reasons, UV LEDs are currently
attractive sources for mobile and point of use UVGI systems. [Lange et al., 2016]
2Phototherapy treatments use UV light absorption in skin cells to trigger cellular
responses, which are used to treat various diseases. Phototherapy is a broad applica-
tion area for UV light as the required UV spectrum and exposure area are condition
dependent. For example, some psoriasis treatments involve topical treatments with
ointment and UVA radiation, while certain types of T-Cell Lymphomas are treated
with UVB. The spectral tunability and small form-factor make UV LEDs appeal-
ing light sources for these applications, particularly for at home treatment. [Wollina
et al., 2016]
In gases such as O3 and NH3, electron excitation facilitates UV absorption. UV
absorption based sensors are useful due to the lack of UV absorption in atmospheric
gasses such as water vapor and CO2. Sensors with UV LED emitters have been
demonstrated for O3, SO2, and NO2. [Degner and Ewald, 2016] Molecules can also
be detected and identified based on their fluorescence from an optical excitation. This
mechanism, using UV light as the excitation, has been applied to the identification
of microorganisms and in disease diagnosis. [Gutmann et al., 2016]
A low dosage of UVB during plant growth has been shown to promote secondary
metabolites, which provide antibacterial, cholesterol-lowering, and antioxidant ben-
efits to humans upon consumption. UV LEDs provide a spectrally tunable source
to supply both UVB, and the UVA needed for photosynthesis during plant growth.
The small-form factor of LEDs allow grow boxes to be vertically stacked, a crucial
advantage for urban farming applications where space is limited. [Schreiner et al.,
2016]
UV LEDs and lamps have been used for curing resin into a crosslinked polymer,
with UV LEDs providing the advantages of spectral tunability and low operating
temperatures. UV curing of resins has a wide range of applications including dental
repair, ink curing, photolithography, and 3D printing. [Dreyer and Mildner, 2016]
Applications of UV radiation are summarized in Fig. 1·1. In all cases, UV LEDs
3Figure 1·1: Applications of UV light.
provide sources with tunable spectra, small form-factors, fast on/off switching times,
no toxicity concerns and low operating temperatures. Alternative sources are mainly
mercury fluorescent tube lamps and Deuterium and Xe arc lamps. These sources are
bulky, have high power and voltage requirements, relatively fixed spectral output,
slow on/off switching time, and toxicity problems. [Shur and Gaska, 2009] For all of
these reasons, LEDs provide a better option for systems which require UV light.
1.2 III-N Material Characteristics
UV LEDs are fabricated from the family of III-N semiconductors, composed of the
binary compounds InN, GaN, and AlN, and their associated alloys. The specific
material properties which make them ideal for the fabrication of UV optoelectronic
devices are outlined in the paragraphs below.
The thermodynamically stable crystal phase of nitrides is wurtzite; composed
of two interpenetrating hexagonal close-packed sub-lattices of the group III and N
atoms. (Shown schematically in Fig. 1·2) The primitive lattice vectors (~ai) can be
written:
~a1 =
√
3a
2
xˆ+
a
2
yˆ, ~a2 = −
√
3a
2
xˆ+
a
2
yˆ, ~a3 = czˆ (1.1)
4Figure 1·2: Wurtzite crystal structure of III-Ns as viewed parallel to
c-planes (left) and perpendicular to c-planes (right).
where a and c are lattice constants. The lattice constants at 300 K for nitride binary
compounds and common substrates for epitaxial growth are listed in Table 1.1; the
lattice constants of the ternary alloys are typically estimated from Vegard’s law.
[Vurgaftman and Meyer, 2007]
Material a (A˚) c (A˚)
InN 3.545 5.703
GaN 3.189 5.185
AlN 3.112 4.982
Al2O3 4.758 12.991
4H-SiC 3.073 10.053
6H-SiC 3.073 15.118
Table 1.1: Room temperature lattice constants of III-N binary com-
pounds and common substrate material.
Suitable substrates for nitride epitaxial growth must match the hexagonal sym-
metry of the nitride lattice. The most common substrates are sapphire and SiC. The
lattice parameters for these substrates are listed in Table 1.1. These values indicate
the lattice mismatch for growth on the c-plane of SiC substrates is 3.8% for GaN and
1.3% for AlN. Nitrides nucleate on sapphire substrates so that the nitride (112¯0) ‖
5sapphire (11¯00). This results in a 15 and 13% lattice mismatch for GaN and AlN
respectively. [Lei et al., 1993] The lattice mismatch strain energy is relieved through
threading dislocations, which permeate the epitaxial nitride layer. Threading dislo-
cations adversely effect device performance by scattering charge carriers, providing
current leakage pathways, and acting as recombination centers. [Chichibu et al.,
2006, Speck and Rosner, 1999] The advent of buffer layers and advanced growth
techniques have reduced the threading defect density of nitrides grown on sapphire
and SiC to the order of 109 cm−2. [Amano et al., 1986, Lei et al., 1991, Nakamura,
1991] Further reduction is possible with native GaN or AlN substrates, however, they
are currently more expensive, smaller, and less prevalent in the marketplace than
sapphire and SiC.
The lack of inversion symmetry in the wurtzite lattice and ionic characteristics of
the III-N bonds create a spontaneous polarization field directed along the polar axis
(aˆ3 in Fig. 1·2). The spontaneous polarization field points from the III-Face to the
N-Face; or along the crystallographic direction [0001¯]. This spontaneous polarization
combines with the strain-induced piezo-polarization to give the total polarization field
(~P ) in nitrides.
The polarization properties of nitrides are composition dependent, i.e. the magni-
tude of the spontaneous polarization is larger in AlN than GaN. Therefore, polariza-
tion charge density (ρpi) is incorporated at heterojunctions, compositionally graded
regions, and surfaces. From Gauss’s Law:
0~∇ · ~E = ρfree −
(
~∇ · ~P
)
= ρfree − ρpi, (1.2)
where 0 is the permittivity of free space, and ρfree is the charge density associated
with mobile carriers. The polarization charge supports an electric field which in-
teracts with free carriers, possibly creating depletion or accumulation regions. The
interplay between mobile charge, polarization charge, and immobile charge from ion-
6Figure 1·3: (Left) Band gap energy vs. a lattice constant of III-
N semiconductors. (Right) Valence band structure of GaN and AlN
calculated using the k.p model. [Kumagai et al., 1998]
ized dopants or defects determines the band lineup of nitride devices. Engineering the
polarization charge facilitated the development of high electron mobility transistors
(HEMTs) with undoped channels as well as enhanced n- and p-doping in AlGaN al-
loys. [Ambacher et al., 2000, Simon et al., 2009] Polarization charge has also proved to
be a hinderance in opto-electronic devices. In quantum wells, it leads to the quantum
confined Stark effect (QCSE), which red-shifts the electron-hole transition energy and
reduces the electron-hole overlap integral.
The direct band gap energy of the III-N’s span the spectral range from infrared
to deep ultraviolet. (See Fig. 1·3) In general, the emission properties are complex
functions of strain, alloy composition, and structure (bulk, quantum well etc.). A
block-diagonalized k.p Hamiltonian and associated basis functions was presented by
Kumagai and coworkers, which models this behavior. [Kumagai et al., 1998] The
valence band comprises three-bands known as the heavy hole, light hole, and crys-
tal field split-off hole. (See Fig. 1·3) The hole wavefunctions are composed of the
7p-orbitals of the bonding electrons. The heavy hole and light hole bands comprise
orbitals mostly directed in the c-plane while the crystal field split-off hole band com-
prise orbitals mostly directed normal to the c-plane. The optical polarization of light
generated from electron-hole recombination depends on the bonding characteristics of
the hole state. The dominant transition in GaN is into the heavy hole band, leading
to emission dominantly polarized in the c-plane; i.e. the emission is mostly in TE
modes, which increases surface emission. Conversely, the dominant transition in AlN
is into the crystal field split-off band, leading to emission polarized normal to the
c-plane; i.e., the emission is mostly in TM modes, which increases edge emission.
The ability to dope nitrides both n- and p-type enables optoelectronic device
growth and fabrication. The conventional n-type dopant is Si, which occupies the
group III lattice site. Empirical evidence shows the activation energy of Si is relatively
low in AlGaN alloys from GaN through Al0.80Ga0.20N. For x > 0.80, the measured
activation energy increases to a maximum of around 250 meV. [Pampili and Parbrook,
2016] A summary of measured Si activation energies in AlGaN alloys is shown in
Fig. 1·4. [Taniyasu et al., 2006, Nakarmi et al., 2004, Polyakov et al., 1998] N-type
conductivity is also influenced by compensation effects, which have been reported to
arise from too much Si, oxygen impurities, and dislocations.
The conventional p-type dopant is Mg. The incorporation and activation of Mg
acceptors in AlGaN alloys depends on the growth conditions, alloy content, and den-
sity of Mg impurities. [Nagamatsu et al., 2009] The general trend of activation energy
vs. AlGaN alloy composition is shown in Fig. 1·4, which aggregates reported acti-
vation energies from the literature. [Nakarmi et al., 2005, Li et al., 2002, Taniyasu
et al., 2006, Suzuki et al., 1998, Tanaka et al., 1994] The Mg acceptor energy level is
deeper than Si, and moves even deeper into the gap with higher Al-content alloys.
8Figure 1·4: Reported activation energy of Si (blue) and Mg (red) in
AlGaN alloys.
1.3 UV LEDs on Sapphire Substrates
Light emitting diodes are p-i-n junctions which emit light under forward bias. The
intrinsic layer typically contains carrier confining structures, such as quantum wells
and an electron blocking layer, in order to promote the light generating radiative
recombination of electrons and holes. The development of nitride LED technology was
facilitated by several key breakthroughs and discoveries: the development of buffer
layers which reduced threading defects in subsequent epitaxial layers, N2 annealing
treatments which activated Mg p-type dopants, and the discovery that InGaN active
regions have seemingly defect insensitive radiative recombination efficiency. [Amano
et al., 1986, Lei et al., 1991, Nakamura, 1991, Amano et al., 1989, Nakamura et al.,
1992, Chichibu et al., 2006] Blue and violet LEDs and laser diodes leveraging these
discoveries were commercialized by the late 1990’s and early 2000’s, however, UV
devices have not achieved similar commercial success.
The schematics of the prototypical epitaxial layer sequence and fabricated UV
9LED device are shown in Fig. 1·5. This device is flip-chip mounted so that light
generated in the active layer reaches free space after passing through the n-type
layer, defect reducing buffer layer, and substrate. The substrates are typically basal
plane sapphire because they are compatible with nitride epitaxy, cheaply available in
large sizes, and transparent to the UV light generated in the active region. [Khan
et al., 2016]
A commonly used metric to characterize the efficiency of UV LEDs is the external
quantum efficiency (EQE). The EQE is composed of the product of the injection effi-
ciency (IE), the internal quantum efficiency (IQE), and the light extraction efficiency
(EE). The IE is defined as the ratio of recombination current to total current flowing
through the active region:
ηIE =
IGR
I
, (1.3)
where IGR is the recombination current and I is the total current. The IQE (ηIQE) is
defined as the ratio of the radiative recombination rate (RRad) to the total recombi-
nation rate:
ηIQE =
RRad
RRad +RNon-Rad
, (1.4)
where RNon-Rad is the sum of all non-radiative recombination rates. The extraction
efficiency (EE) is defined as the ratio of photons emitted to free space (Next) to the
number of photons generated in the active region (N):
ηEE =
Next
N
. (1.5)
Based on these definitions, the EQE defines the percentage of electron-hole pairs
passing through the active region which yield a photon collected outside the device.
In the following paragraphs, the sapphire-based UV LED device layers are described
in terms of their influence on device EQE.
As shown in Fig. 1·5, the first epitaxial layer is a defect reducing buffer layer.
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Figure 1·5: (Left) Epitaxial layer stack of prototypical UV LED grown
on sapphire substrate. (Right) Schematic of fabricated UV LED.
The lattice mismatch between the nitride epitaxial layers and sapphire substrate is
accommodated by a high density of threading defects. Specially designed buffer layers,
such as ones containing AlN/GaN short period superlattices or thin GaN inclusions,
have been reported to reduce the defect density in ensuing layers to the 109 cm−2
range. [Rass et al., 2015, Jmerik et al., 2012, Jmerik et al., 2013]
The reduction of threading defects is vital to device performance because certain
types of threading defects insert states in the band-gap, which act as non-radiative
recombination pathways for electron-hole pairs. A high density of such pathways
leads to large RNon-Rad and therefore reduced IQE. [Bandic et al., 2000, Karpov and
Makarov, 2002] Furthermore, certain types of threading dislocations have been re-
ported to act as leakage paths in UV LEDs. Leakage pathways allow injected carriers
to escape the active region, thereby reducing IE. [Moseley et al., 2015]
As shown in Fig. 1·5, a p-i-n junction is grown on top of the substrate/buffer
template. The substrate and buffer are electrically insulating, therefore, in order to
contact both sides of the device a mesa is formed in the layer adjacent to the buffer
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(See Fig. 1·5). In order to minimize spreading resistance and optical absorption
(maximize EE), the etched material must be a conductive high Al-content AlGaN
alloy. Figure 1·4 shows that for high AlN-content alloys the Si donor activation
energy is much smaller than the Mg acceptor energy. Therefore, this layer is forced
to be n-type AlGaN. Since the n-layer is grown before the p-layer, UV LEDs on
sapphire substrates are considered to have “n-down” geometry.
The p-layer is grown last and, due to the large activation energy of Mg in high
AlN-content AlGaN, its composition presents a trade-off between EE and IE. A p-
layer composed of p-GaN increases conductivity, and therefore IE. However, p-GaN
absorbs UV which lowers the EE. The use of p-AlGaN increases the EE, however,
the IE is reduced due to doping difficulties. [Khan et al., 2016] A middle ground is
a p-layer composed of a short-period superlattice, which relies on polarization effects
to increase the effective hole densities and mini-band formation to blue-shift the
absorption edge. [Kozodoy et al., 1999] An ideal technique has not been identified
and the vast majority of devices use some combination of p-GaN, p-AlGaN, and/or
a superlattice as the p-layer.
Between the n and p-layers is the active region, composed of AlGaN based single
or multiple quantum wells and an electron blocking layer. The design and material
properties in the active region influences the IQE, EE, and IE of the device.
The quantum wells are designed to achieve the desired emission wavelength and
maximize the radiative recombination rate. However, due to polarization charge on
the well/barrier interfaces, an electric field slants the quantum well potential and sep-
arates the electron and hole envelope functions. This separation reduces the electron-
hole overlap integral, consequentially reducing the radiative recombination rate and
IQE. This effect is known as the quantum confined Stark effect (QCSE), and it is
mitigated with thin quantum wells.
As previously described, threading defects in the active region reduce the IQE by
12
providing non-radiative recombination pathways. However, the influence of thread-
ing defects is mitigated if the active region contains deep band structure potential
fluctuations which localize electron-hole pairs. Such fluctuations can arise from com-
positional inhomogeneity, electrostatic induced modulation of the band-edges, or vari-
ations in the bandgap due to stacking faults. Carriers which are trapped in potential
fluctuations are able to recombine radiatively before interacting with non-radiative
recombination centers, thereby increasing IQE. As shown by the Boston University
group, deep potential fluctuations can be incorporated into active regions through
excess Ga growth conditions during molecular beam epitaxy. [Moustakas and Bhat-
tacharyya, 2012, Bhattacharyya et al., 2009, Zhang et al., 2012, Moustakas, 2016]
The quantum wells must also be designed with regards to the optical polariza-
tion of the emission. Higher energy emission requires the use of higher Al-content
AlGaN alloys in the active region. As the Al-content is increased, the ground-state
hole band switches from heavy hole character to the crystal-field split-off hole char-
acter, corresponding to an optical polarization switch from parallel to the c-plane to
perpendicular to the c-plane. Polarization perpendicular to the c-plane reduces EE
due to increased edge emission and internal light trapping.
The high mobility and low effective mass of electrons drives the need for addi-
tional electron confinement to the active region. Therefore, a material providing a
conduction band offset is inserted between the quantum wells and the p-layer. This
electron blocking layer (EBL) prevents injected electrons from recombining outside
the active region. In UV LEDs, this layer is composed of AlN or an AlGaN alloy with
AlN-content higher than the quantum well/barrier material. Due to the polarization
discontinuity, there is an electric field inside the EBL. Because the device is n-down
and the EBL has higher AlN-content than adjacent layers, the electric field in the
EBL opposes hole injection into the active region. This has been numerically shown
to limit the IE of these devices. [Li et al., 2011]
13
The product of IQE, IE, and EE is the external quantum efficiency:
ηEQE = ηIQE × ηIE × ηEE = Photons to Free Space
Injected Carrier
. (1.6)
In general, the EQE of a given device depends on several factors including biasing
conditions and device packaging. The plot in Fig. 1·6 is from Dr. Kneissl’s homepage
at the Technical University of Berlin, and shows reported EQE’s of UV LEDs as a
function of wavelength. Table 1.2 displays typical operating parameters of commer-
cially available UV LEDs, as of February 2017. For comparison, the EQEs of these
devices are highlighted in Fig. 1·6.
Manufacturer Voltage Current Optical Power Wavelength EQE
SETI 6 V 20 mA 0.4 mW 255 nm 0.4%
SETI 6 V 100 mA 10 mW 275 nm 2.2%
SETI 6 V 20 mA 1.5 mW 310 nm 1.9%
Rayvio 7 V 150 mA 4 mW 280 nm 0.6%
Crystal IS <10 V 100 mA 5 mW 255 nm 1.0%
Crystal IS <10 V 350 mA 5 mW 275 nm 1.1%
Crystal IS 10 V 400 mA 15-30 mW 250-280 nm 1.2%
Phillips 2.75 V 350 mA 532 mW 450 nm 55%
Table 1.2: Datasheet specifications of commercially available UV
LEDs. (As of Feb. 2017)
The EQE of most reported UV LEDs is below 3%. This is extremely low when
compared to the 55% EQE from commercially available, high intensity, blue LEDs.
(See Table 1.2) The research presented in this dissertation proposes a novel device
architecture, which has the potential of addressing the problems of current generation
devices leading to UV LEDs with higher EQE.
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Figure 1·6: Reported external quantum efficiency of commercial and
lab-scale UV LEDs. (Taken from Dr. Kneissl’s homepage.)
1.4 UV LEDs on p-SiC Substrates
This thesis investigates the UV LED device structure shown schematically in Fig.
1·7. The nitride device layers are grown on p-SiC substrates which are commercially
available in large area wafers and can be heavily doped p-type (NA = 10
19 cm−3).
The p-SiC serves as the p-layer and the first epitaxial layer is a thin AlN buffer layer
which also acts as an EBL. This is followed by AlGaN-based quantum wells and the
n layer, composed of n-AlGaN. Devices are fabricated by forming Ohmic contacts to
the top n-AlGaN and the backside of the p-SiC. Under forward bias, emission from
the active region travels through the n-AlGaN to free-space. As with UV LEDs on
sapphire substrates, the IQE can be improved with thin quantum wells and excess
Ga growth conditions. However, the p-SiC substrate allows further improvements to
the IE, IQE, and EE not possible on sapphire substrates.
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Figure 1·7: Epitaxial stack of proposed UV LED.
Contrary to UV LEDs grown on sapphire, the device shown in Fig. 1·7 has p-
down geometry. Therefore, the polarization induced electric fields in the buffer /
electron blocking layer aid hole injection into the active region. This should increase
the IE of these devices. [Li et al., 2011] The lattice match between p-SiC and AlN is
better than the lattice match between AlN and sapphire. Therefore, a lower density
of threading dislocations are expected in UV LEDs grown on p-SiC, which should
increase the IQE.
The EE improvements obtained with a p-SiC substrate relate to the ability to
extract light trapped inside the device. The portion of LED emission trapped in
the semiconductor due to total internal reflection is composed of guided modes.
Guided modes are able to radiate energy to free-space through interaction with sur-
face features, increasing the total free-space emission. The strength of the guided-
mode/surface feature interaction depends on the overlap between the surface features
and the guided mode profile, and the contrast of the index of refraction defining the
surface features. In the device shown in Fig. 1·7, guided modes are localized in the
n-AlGaN and subsequently can have a large overlap with surface features. The op-
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posite is true on sapphire substrates, in which guided modes are bound throughout
the substrate, defect-reducing buffer, and n-AlGaN. Due to the higher localization
of guided modes and higher refractive index of n-AlGaN, surface features are more
efficient light extractors when made on the n-AlGaN compared with sapphire or AlN
substrates.
Additional advantages of p-SiC substrates are a vertical device geometry requiring
fewer fabrication steps, and easier thermal management due to the high thermal
conductivity of SiC.
A drawback to p-SiC substrates are that they are opaque to UV emission. How-
ever, the decision to use a p-SiC substrate is analogous to the decision to use p-GaN
as the p-layer in devices grown on sapphire. Both are a choice of IE over EE, however,
with p-SiC substrates additional efficiency enhancements are possible.
1.5 Scope of the Present Work
This work addresses the design, growth, fabrication, and characterization of the novel
UV LED shown schematically in Fig. 1·7. Chapter 2 addresses the p-SiC substrates
used in this work; special focus is given to their structural, optical, and electrical
characterization. Chapters 3,4, and 5 address the growth and characterization of
AlN, AlGaN-based quantum wells, and n-AlGaN on p-SiC by MBE. Chapter 6 details
results from prototype UV LEDs fabricated from the epitaxial layers described in the
previous chapters. Chapter 7 describes data on compositionally graded AlGaN-based
distributed Bragg reflectors for use in future UV LEDs.
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Chapter 2
p-SiC Substrates
This chapter begins with a description of the structural, electrical, and optical prop-
erties of the p-SiC substrates used in this work. It concludes with a description of
the cleaning procedure used to prepare the p-SiC substrates for MBE growth.
2.1 Substrate Characteristics
The majority of samples discussed in this work were grown on 1x1 cm2 substrates
cut from three 3”-diameter 4H p-SiC wafers, which were purchased from CREE. The
substrates are composed of two layers: an approximately 350 µm thick, lightly doped,
bulk p-SiC layer, and an 11 µm thick, heavily doped, epitaxially grown p-SiC layer.
The heavily doped p-SiC was grown by CREE using chemical vapor phase deposition
(CVD) on the Si-Face of the lightly doped p-SiC. (See Fig. 2·1) For all samples,
nitride growth was initiated on the heavily doped Si-Face.
2.1.1 Structural Properties
The p-SiC substrates are miscut in order to facilitate polytype continuity during CVD
growth. [Kimoto et al., 2001] The substrates used in this work were miscut such that
the [000`] axis is displaced 8◦ from the surface normal, toward the [112¯0] direction.
This is shown schematically in Fig. 2·1. Due to the miscut, during X-ray diffraction
(XRD) measurements (see Sec. A.2), a θ-2θ scan which probes reciprocal space along
the surface normal will not encounter any diffraction intensity peaks corresponding to
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Figure 2·1: (A) Schematic showing the relation between the [000`]
axis, surface normal, and [112¯0] axis in the p-SiC substrates. (B) Skew-
symmetric θ-2θ scan around the p-SiC (0004) reciprocal lattice point.
the (000`) planes. In order to probe these reciprocal lattice points, the miscut angle
must be considered. Throughout this work, a skew-symmetric θ-2θ scan signifies the
miscut angle was accounted for by an 8◦ displacement along the ψ axis. Furthermore,
a glancing exit/entrance scan of a (000`) reciprocal lattice point implies the miscut
angle was accounted for by an offset angle in a coupled ω-2θ scan. (The schematic
representation of the angular axes for XRD measurements are shown in Fig. A·4 and
described in Sec. A.2.) The skew-symmetric θ-2θ around the p-SiC substrate (0004)
reciprocal lattice point is shown in Fig. 2·1. The diffraction intensity peak occurs at
2θ = 35.57◦.
Tapping mode atomic force microscopy (AFM) measurements were made on the
Si-face (growth surface) of the p-SiC substrates. Figure 2·2(A) shows a 2x2 µm field of
view height map while Fig. 2·2(B) shows a three-dimensional projection of a 500x500
nm height map. A corrugated surface is measured with a periodicity of ∼ 100 nm
directed along the [112¯0] direction (the x-axis in Fig. 2·2(B)). Assuming a basic
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Figure 2·2: (A) 2x2 µm field of view AFM height map of the Si-Face
of a p-SiC substrate. (B) Three-dimensional projection of a 500x500
nm field of view AFM height map.
step-terrace geometry, the terrace width (w) and step height (h) are determined by:
sin(φ) =
h
w
, (2.1)
where φ is the miscut angle. Given a miscut angle of 8◦ and a step-height of one
unit cell (10.053 Angstroms), the expected terrace width is 7.2 nm; far below what is
observed in Fig. 2·2. Therefore, rather than a surface composed of steps and terraces,
it is suspected the surface is nano-faceted such that (0001) planes are separated by
high index (112¯n) facets. This surface structure was reported by Nakagawa et. al.,
using cross-section high-resolution TEM measurements on 8◦ miscut 4H-SiC, which
had been subjected to a high temperature H2 etch process. [Nakagawa et al., 2003]
2.1.2 Ohmic Contacts to p-SiC
Ohmic contacts were developed on both the C-face and Si-face of the p-SiC substrates.
The surfaces were ultra-sonically cleaned in acetone and IPA, then dipped in HF in
order to partially remove surface oxides. [King et al., 1999] The cleaned p-SiC samples
were then loaded into an electron-beam evaporation chamber, where 190 nm of Al
followed by 50 nm of Ti were deposited. After deposition, the samples were annealed
(by a rapid thermal annealing system) to 1000 C for 90 s in a nitrogen and argon
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Figure 2·3: Skew-symmetric θ-2θ scan around SiC (0004) reciprocal
lattice point showing diffraction peaks associated with the (0006) and
(0008) reciprocal lattice points of Ti3SiC2.
atmosphere. Upon annealing the Al dissolves the SiC and Ti, which allows Ti3SiC2
to form from the melt, facilitating the Ohmic contact. [Wang et al., 2009, Johnson,
2004]
Ti3SiC2 has wurtzite crystal structure with reported lattice parameters: a = 3.07
and c = 17.7 A˚. [Eklund et al., 2010] During the anneal, Ti3SiC2 forms so that the
c-planes of the p-SiC substrate are parallel to the c-planes of Ti3SiC2. Therefore, the
presence of Ti3SiC2 after the anneal is verified by XRD measurements. Using the
Cu Kα1 lines, (λ = 1.5406 A˚) diffraction peaks from the Ti3SiC2 (0006) and (0008)
reciprocal lattice points are visible in skew-symmetric θ-2θ scans at 2θ = 30.3◦ and
40.75◦ respectively. My data is shown in Fig. 2·3, matching that reported by Wang
et. al. [Wang et al., 2009].
The Ti3SiC2 based contacts were formed in a circular transmission line measure-
ment (CTLM) test structure in order to evaluate their quality. (See Sec. A.3.1)
Current-voltage curves from the CTLM structures formed on the Si-face are shown
in Fig. 2·3(A). By Ohm’s law, the resistance values are extracted using a linear fit.
The resistance vs. pad spacing data and fit to the model described in Sec. A.3.1 are
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Figure 2·4: (A) Current-voltage curves from p-SiC/Ti3SiC2 defined in
CTLM structure. (B) Resistance vs. pad-spacing fit based on CTLM
data.
shown in Fig. 2·4(B), from which a sheet resistance of 154 Ω/ and specific contact
resistance of 1.2×10−3 Ω-cm2 is extracted.
The Ti3SiC2 based contacts are Ohmic, however the specific resistivity is high for
device applications. This could be due in part to the unwanted by-products of the
annealing reaction. In addition to forming the desired Ti3SiC2, the Al reacts to form
carbides and silicides. [Wang et al., 2009] These alloys are insulating and do not
facilitate Ohmic contact to p-SiC. A better process would be to deposit the Ti3SiC2
directly on the SiC through sputtering, atomic-layer deposition, or MBE. [Eklund
et al., 2010] However in this work, no further process optimization was done on the
p-SiC Ohmic contacts.
The capacitance-voltage (CV) and current-voltage (IV) characteristics of the p-
SiC substrates were measured as schematically shown in Fig. 2·5(A). To make these
measurements, a 1x1 cm2 p-SiC sample was sawed in half. A backside, Ti3SiC2 based
Ohmic contact was formed on the Si-Face of one half, and the C-Face of the other.
Schottky barrier test structures were defined lithographically on the unprocessed side
of each sample. They were formed with a Ti/Al (150/30 nm) metal stack, deposited
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Figure 2·5: Schematic of measurement and current-voltage character-
istics of p-SiC substrates. Different lines were obtained with different
size top contacts on the Si-face.
by electron-beam evaporation. The samples were mounted to a Cu heat sink with
silver paste and biased on a HP 4155A probe station.
The rectifying nature of the Schottky contacts was confirmed with current-voltage
measurements; devices formed on both the Si-Face and C-Face were blocking when
the Schottky contact was positively biased with respect to the back contact. Higher
blocking voltages were observed for devices formed on the C-Face, likely due to the
reduced doping density. Capacitance-Voltage measurements on Schottky contacts
formed on both Si- and C-Faces indicated a constant doping density. Measurements
on the Si-Face (heavily doped epitaxial material) gave an estimated dopant density of
1×1019 cm−3, while the C-Face (lightly doped substrate material) gave an estimated
doping density of 3×1017 cm−3. These findings are consistent with the manufacturers
reported specifications. Furthermore, from Hall effect measurements (See Sec. A.3.3),
it is estimated the lightly doped material has ρ = 2 Ω-cm, p = 5×1016 cm−3, and
µ = 48 cm2/Vs. Hall effect measurements on the heavily doped epitaxial layer were
attempted, however, the data were inconclusive.
Following the CV measurements, the Ti/Al Schottky contacts were removed by
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acid etching, and replaced with Ti3SiC2 based Ohmic contacts. During the rapid
thermal anneal, the sample was seated such that the previously formed backside
Ohmic contacts contacted an acid cleaned molybdenum plate, which rested on a Si
carrier wafer. This was done in an effort to minimize the reaction between the contact,
and the Si carrier wafer. This molybdenum plate setup was used during the backside
contact anneal for all samples in this work.
The lithographically defined Ohmic contacts were formed with circle and square
geometries with areas up to 4002 µm2; similar to the sizes of individual LEDs. The IV
curves show good linearity, with 30-40 Ω of series resistance introduced for 4002-3002
µm2 sized top contacts. This series resistance enters into all IV measurements of
devices, however, it could be reduced through substrate thinning procedures.
2.1.3 Optical Properties
Room temperature photoluminescence (PL) was measured from the heavily doped
side of the p-SiC substrates (Si-Face). The PL spectrum is shown in Fig. 2·6(A),
and is to be used for comparison to emission spectra from UV LEDs grown on these
substrates. The PL was excited with a 10 mW, He-Cd CW laser, emitting at 325
nm. Two dominant peaks are visible in the 390 - 420 nm range; one is centered at
392 nm / 3.16 eV, while the the broader peak is centered at 412 nm / 3.01 eV. A low
intensity and broad peak is centered at 650 nm / 1.91 eV.
The complex optical constants of the p-SiC substrates are required for use in
transfer matrix (TMM) calculations (see Sec. 5.2 and 7.1). The index of refraction
and extinction coefficient were measured with spectroscopic ellipsometry from 360
nm to 263 nm. Measurements deeper into the UV were not possible because of low
lamp intensity at these wavelengths. The measured optical constants are plotted with
tabulated values obtained from the SOPRA database in Fig. 2·6. [Sopra Database,
] For the purpose of the transfer matrix calculations, the birefringence of the p-SiC
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Figure 2·6: (A) PL spectrum of heavily doped p-SiC substrate. (B)
Measured (circles) and tabulated (line) complex optical constants of
SiC.
was neglected. The TMM results were negligibly different when using the measured
or tabulated SiC optical constants.
2.2 Substrate Preparation
The as-recieved p-SiC wafers were circular with 3” diameters. For MBE growth, 1x1
cm2 samples were required, therefore, wafer dicing was the first preparation step. In
order to protect the growth surface (Si-Face) during dicing, the 3” wafers were spin-
coated with photoresist. After dicing, the photoresist was removed by a 20 minute
soak in S1165 photoresist remover at 65 C. This was followed by ultrasonic cleaning
in acetone, isopropanol and de-ionized water. The surface of the substrate following
this procedure is shown in Fig. 2·7A. As seen in Fig. 2·7, this cleaning procedure
leaves behind nanometer scale particulate of photoresist, that varied in density and
size between nominally identical cleaning processes. These particulates were only
visible when using the high-resolution AFM tips, with radius ∼ 9 nm. In order to
fully remove the photoresist, the wafers were subjected to an oxygen plasma ashing
process and/or an acid cleaning in piranha etch (3:1 H2SO4 : H2O2). This process
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Figure 2·7: 2x2 µm field of view tapping mode AFM image of the
Si-Face of the p-SiC substrate cleaned with (A) organic solvents and
(B) organic solvents and O2 plasma ash.
was found to effectively remove the particulate, as shown in Fig. 2·7B.
Following the complete removal of the photoresist, the substates were dipped in
hydrofluoric acid (HF) in order to partially remove surface oxides. [King et al., 1999]
The substrates were then immediately loaded into an electron beam evaporator, where
an Al/Ti/Si (190/50/1000 nm) stack was deposited on the C-Face. The intended
purpose of this is twofold; (1) As described in Sec. 2.1, upon annealing, the Al/Ti
interacts with the p-SiC to form an Ohmic contact. By forming the backside contact
prior to growth, a high-temperature annealing step is eliminated from post-growth
processing. (2) The Si layer absorbs infrared emission from the substrate heater. The
combination of the heat-absorbing Si, alloyed contact, and high thermal conductivity
of the SiC, was expected to yield improved growth-to-growth reproducibility.
Throughout the course of this work, it was discovered that the annealing tem-
perature in the MBE growth chamber was not adequate to form the Ti3SiC2 Ohmic
contact on the backside of the substrates. Furthermore, it was determined that an-
nealing a sample with an Al/Ti/Si stack at 1000 C in the RTA also did not yield
the desired Ti3SiC2 alloy. These results were verified by XRD measurements which
showed the Ti3SiC2 (0006) and (0008) reciprocal lattice points (see Fig. 2·3) were
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missing in these samples. Therefore, under this substrate preparation procedure the
backside Ohmic contact was not formed prior to growth as desired. The contact
could be formed post growth by polishing the C-Face, depositing the Al/Ti metal
stack and annealing at 1000 C in the rapid thermal annealing unit. These fabrication
steps could be avoided if the Ti3SiC2 alloy could be deposited directly on the C-Face
(formed without anneal).
After the metals and Si were deposited on the C-face, the sample was loaded into
the MBE system for thermal de-gassing. The samples were annealed in the growth
chamber where they were initially annealed at 825 C for 5 min. It was determined
825 C was the maximum temperature the substrates could be heated to before the
molybdenum plates warped, causing the sample to slip from the holder.
Following the anneal, a Ga “flash-off” procedure was performed. This process
consisted of Ga deposition at low temperature (625 C) for two minutes, followed by
a ramp to 725 C where the Ga desorbed from the surface. Brown et. al. used
XPS studies to claim this process removed oxygen contamination on the SiC surface,
partially passivating the Si dangling bonds with Ga. They claimed this Ga layer
limits nitridation of the SiC surface during nitride nucleation. [Brown et al., 2005]
The entire substrate preparation procedure is shown schematically in Fig. 2·8.
Figure 2·8: Flow chart of p-SiC preparation process.
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Chapter 3
Growth and Characterization of AlN on
p-SiC Substrates
This chapter begins with a literature review describing the challenges of MBE growth
of AlN on SiC substrates. Following this, data are presented from AlN grown on the
p-SiC substrates described in Chapter 2.
Figure 3·1: The epitaxial layers of the investigated UV LED on a
p-SiC substrate, with the layers containing AlN highlighted.
3.1 Literature Review: AlN Growth by MBE
In this work, AlN serves as a thin buffer layer and as the barrier material in the active
regions (See Fig. 3·1). Growth conditions are sought which yield AlN with smooth
surface morphology and minimized defect density. A smooth AlN morphology yields
abrupt quantum well/barrier interfaces while reduced defect density promotes a high
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IQE in the active region and reduced leakage current. To this end, the literature
review in the following sections focuses on surface morphology and defect density
control of AlN grown by MBE on SiC substrates.
3.1.1 Surface Morphology
The influence of growth temperature and Al/N flux ratio on the surface morphology of
AlN grown on c-plane SiC substrates was studied by Koblmueller et. al. [Koblmueller
et al., 2003] For Al-poor growth conditions (Al flux < activated nitrogen flux), a
spotty RHEED pattern was observed and a rough surface morphology was measured
by AFM. Extreme excess Al growth conditions (Al flux >> activated nitrogen flux)
led to Al droplet formation. However, stoichiometric and slightly excess Al growth
conditions led to droplet free AlN with smooth surface morphology. The amount of
Al flux defining the droplet to droplet free boundary is described by an Arrhenius
equation, with an activation energy of 3.4 eV. In practice, growth temperatures above
800 C were suitable for droplet free growth under slightly excess Al conditions. The
resulting surface morphology phase diagram is similar to what was reported by Heying
et. al., for MBE growth of GaN. [Heying et al., 2000] The smooth surfaces achieved
under stoichiometric and Al-rich conditions were attributed to increased ad-atom
mobility afforded by a surface saturated with Al-Al metallic bonds. [Koblmueller
et al., 2003]
Excess Al growth conditions during AlN nucleation on SiC substrates were shown
by Hoke et. al. to decompose the substrate. Based on thermodynamic arguments,
these authors hypothesized liquid Al decomposes the SiC, allowing Si to ride the
growth surface and incorporate in subsequent layers. This decomposition was sup-
pressed when stoichiometric Al fluxes (Al flux ≈ activated nitrogen flux) were used.
[Hoke et al., 2006]
The AlN surface morphology is also influenced by the miscut of the SiC substrate.
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Brault et. al. studied this influence by growing AlN on a 4H-SiC substrate miscut
6.5◦ toward [112¯0], a 6H-SiC substrate miscut 3.2◦ toward [112¯0], and a nominally
on-axis 6H-SiC substrate. Each AlN layer was 0.7 - 1 µm thick, and grown under
Al-rich conditions. The same results as Koblmueller et. al. were obtained for growth
on the on-axis substrate; the surface morphology was atomically smooth, consisting
of surface steps 0.2-0.3 nm high. However, the AlN grown on the vicinal substrates
showed a step-bunched morphology with terraces 80-100 nm in length and 8-10 nm
high. [Brault et al., 2003] This step-bunched morphology was also reported by Zhang
and Ferro et. al. in similar studies. [Zhang, 2014, Ferro et al., 2000] Ferro et. al.
reported the step-bunched morphology occurs only after the AlN reaches a certain
thickness; 300 nm in their study. They suggested the step-bunching growth mode
could be suppressed by reducing the SiC vicinal angle and reducing the Al ad-atom
mobility by lowering the growth temperature. [Ferro et al., 2000]
3.1.2 Structural Properties
Without proper SiC surface preparation procedures, the crystalline quality of AlN
grown on SiC substrates is comparable to AlN grown on sapphire substrates, despite
the better lattice match to SiC. [Reitmeier et al., 2010] Hydrofluoric (HF) acid is
used to remove native oxide from Si, passivating the surface with H. The hydrogen
is removed by a vacuum anneal, leaving a pristine surface for epitaxy. When SiC is
treated with HF, the surface is passivated with O and OH. These compounds are not
removed with a vacuum anneal, and thus contaminate the SiC growth surface. [King
et al., 1999] The in-situ Ga “flash off” procedure described in Sec. 2.2 only partially
removes these contaminates. However, AlN films were shown to have higher structural
quality when grown on substrates treated with the Ga “flash off” procedure, than on
substrates not treated. [Onojima et al., 2003]
An additional complication in AlN/SiC heteroepitaxy arises from substrate - AlN
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polytype mismatch. SiC substrates are most readily available in 6H and 4H poly-
types, while AlN has the 2H polytype. A SiC substrate with randomly distributed
step heights facilitates the nucleation of regions of AlN with different stacking se-
quences. The boundary between regions of different stacking sequences is a planar
defect known as a stacking mismatch boundary (SMB). It is widely reported that the
step heights on SiC substrates can be controlled through high temperature H2 or HCl
etching. Okumura et. al. obtained 6 ML step heights on slightly miscut (0.3◦) 6H-SiC
substrates, using a H2 etch processs. AlN grown on 6H-SiC substrates prepared with
6 ML step heights (which would not form SMBs) showed reduced hillock formation
in AFM measurements and narrower (011¯4) rocking curves than substrates prepared
with 1 ML step heights. The superior quality was attributed to the suppression of
SMBs. [Okumura et al., 2008] In a similar experiment, Onojima et. al. reported two
MIS devices consisting of 30 nm of AlN grown on 6H n-SiC by MBE. One substrate
was treated with a high temperature etch to obtain unit-cell step-heights, and one
was not. The insulating properties of the device grown on the etched substrate far
exceeded the device grown on the unetched substrate; a result attributed to reduced
SMB formation. [Onojima et al., 2002]
The nucleation procedure for AlN on SiC has been reported to influence the struc-
tural quality of the AlN. Okumura et. al. grew 300 nm AlN films on step-height con-
trolled, 0.15◦ miscut, 6H-SiC substrates. They reported narrower (0002) and (101¯2)
rocking curves for AlN films which had been nucleated using a Ga pre-deposition
technique. In this method, a thin liquid layer of Ga was deposited prior to the N2
plasma being struck. In theory, the liquid Ga layer prevented accidental nitridation
of the SiC surface. Using this method, an AlN sample with 4×108 cm−2 threading
dislocations (predominantly edge-type) was reported. Furthermore, the dislocations
were localized to the step-edges of the SiC substrate. [Okumura et al., 2011]
Through optimized substrate preparation and nucleation procedures, Okumura
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Figure 3·2: Scatter plot of reported reciprocal lattice point FWHM
values from AlN grown by MBE on SiC substrates. [Zhang, 2014, Ferro
et al., 2000, Okumura et al., 2012, Okumura et al., 2011, Okumura
et al., 2008, Onojima et al., 2003, Brault et al., 2003]
et. al. reported coherent 700 nm thick MBE grown AlN on 6H-SiC substrates. These
authors reported the coherent 700 nm AlN had (0002) and (101¯2) rocking curve full-
width at half maximum values of 40 and 41 arcseconds respectively. These values
represent the state of the art for MBE grown AlN. Plan-view TEM measurements
showed this sample had around 2×109 cm−2 edge dislocations, predominantly grouped
around the SiC step-edges. [Okumura et al., 2012]
Based on the literature review above, the structural properties of AlN grown
on SiC substrates are sensitively dependent upon the substrate surface preparation,
growth conditions, and miscut. These factors lead to a wide variation of reported
structural characteristics as evidenced in Fig. 3·2, which shows a scatter plot of
reported rocking curve FWHM values of reciprocal lattice points from AlN grown on
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SiC substrates by MBE. The x-axis is the angular displacement of a reciprocal lattice
point from the c-plane. In general, large FWHM values at low x-values correlate to
high screw dislocations densities, and large FWHM values at high x-values correlate
to high edge dislocation densities. [Metzger et al., 1998]
3.2 Growth and Characterization of AlN on p-SiC Substrates
The reports outlined in Sec. 3.1 highlight the importance of the p-SiC preparation
process prior to MBE growth. These findings were adopted into the procedure out-
lined in Sec. 2.2, which was used for all samples in this work. Briefly summarized,
the p-SiC was cleaned ultrasonically with organic solvents, treated with an oxygen
plasma ash or piranha etch to remove photoresist particulate, and dipped in HF to
partially remove surface oxides. Finally, the SiC growth surface was cleaned in-situ
with the Ga flash-off technique. One preparation process which was reported in the
literature but not incorporated in this work was a high-temperature H2 etch. An
appropriate etch system was not available at the time of this work.
After substrate cleaning, growth was initiated with a nucleation procedure. Nucle-
ation of all samples described in this work was accomplished using a Ga pre-deposition
process, as described by Okumura et. al. [Okumura et al., 2011] The implementation
of this process was described by Nothern, and summarized below [Nothern, 2016]:
1. The Al effusion cell was ramped to the growth temperature, the Ga effusion cell
was ramped to a temperature which yields a flux around 0.35 ML/s, and the
CAR was ramped to the nucleation temperature (825 C for AlN).
2. The N2 gas flow through the plasma source was set to the standard flow rate of
1.2 sccm, and the RF plasma power supply and matching network were tuned
to 60 W forward power with under 1 W reflected power.
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3. The Ga shutter was opened for≈ 5-10 seconds, allowing Ga to coat the substrate
surface.
4. The plasma was struck by spiking the forward power to 300 W.
5. Seconds after the plasma is struck, a Python script initiated growth by opening
the shutters in front of the Al effusion cell and the nitrogen plasma source.
Using the substrate preparation and nucleation procedures described above, a
series of 500 nm thick AlN samples were grown. These samples investigate the influ-
ence of substrate temperature and the presence of a Ga surfactant on the structural
and morphological properties of AlN on p-SiC. Slightly Al-rich growth conditions
were used in all samples, in order to promote a smooth surface morphology without
significantly decomposing the SiC substrate upon nucleation. [Koblmueller et al.,
2003, Hoke et al., 2006] The nitrogen plasma conditions were kept constant for all
samples: forward power of 300 W and 1.2 sccm nitrogen flow rate, which yielded a
nitrogen-limited AlN growth rate of 275 nm/hour. Growth temperatures were lim-
ited to under 825 C because the molybdenum plates holding the substrates warped at
higher temperatures, causing the substrates to slip between the plates. The growth
temperatures and the Ga surfactant flux is tabulated in Table 3.1 for the investigated
AlN samples. Implicit in this study is the assumption that the thermocouple reading
of growth temperature was consistent from sample to sample.
The thicknesses of the AlN layers were estimated using a transfer matrix model
fit to each samples near-normal incidence reflectivity spectrum. (More detail on
the model is provided in Section 5.2.) All samples showed thicknesses between 490
and 510 nm, confirming the nominal thickness. This also indicates the growth rate
was N-limited, meaning the AlN was grown in the stoichiometric or excess Al flux
conditions. Optical microscopy images indicate metallic droplet formation on V3671,
which is attributed to the excess Al and low temperature growth conditions. No
34
Sample Substrate Temp. (C) Ga Surfactant Flux (ML/s)
V3671 700 No
V3672 800 No
V3673 825 No
V3674 825 0.55
Table 3.1: The growth temperatures and Ga surfactant fluxes of AlN
samples (500 nm thick) used to calibrate AlN buffer layer growth con-
ditions.
droplets were observed on the other samples, consistent with the data presented by
Koblmueller et. al. [Koblmueller et al., 2003]
The density of threading dislocations was investigated by X-ray diffraction mea-
surements. The rocking curve full-width at half maximums (FWHM) for the (0002),
(101¯5) and (303¯2) reciprocal lattice points, and a fit to the model described in Sec.
A.2.2 are shown in Fig. 3·3A. Sample V3671, grown at the lowest substrate tem-
perature, shows the broadest rocking curves at all diffraction peaks; equivalent to
approximately 1×109 cm−2 screw and 2×1010 cm−2 edge dislocations. The rocking
curves of samples grown at 800 C and above are narrower. Samples V3672-4, show
screw dislocation densities in the 9×106 cm−2 range, while the edge dislocations are
in the 1×1010 cm−2 range.
A comparison between the rocking curve data for V3674 (the sample with the
narrowest rocking curves) and rocking curve data reported in the literature is shown
in Figure 3·3B. This plot shows the screw dislocation density obtained for AlN grown
above 800 C is comparable with the best samples in the literature. However, the edge
dislocation density of all samples are higher than the best reported samples. This
result is attributed to limitations in the p-SiC substrate preparation, particularly,
with respect to control of the surface step-heights.
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Figure 3·3: (A) Full width at half maximum of (0002), (101¯5), and
(303¯2) AlN diffraction peaks (points) and fit to model discussed in Sec.
A.2.2. (B) Scatter plot shown in Fig. 3·2 including data from V3674
(red). (Blue data points are from MBE grown AlN reported in the
literature.)
In high temperature SiC etch studies reported in the literature, the substrates used
to control 6H or 4H-SiC step heights to 6 or 4 MLs respectively, had small miscut
angles; typically around 0.3◦. [Okumura et al., 2008, Onojima et al., 2003, Nakagawa
et al., 2003] However, throughout the course of this work, p-SiC was only commercially
available with an 8◦ miscut. This posed a problem as the surface characteristics of
SiC after high temperature etching is dependent on the miscut angle. Nakagawa et.
al. performed high temperature etch processes using on-axis and 8◦ off-axis 4H-SiC
substrates. After etching, the on-axis substate had well-ordered step-terrace geometry
with step heights of 1 unit cell (4 ML). This surface configuration is well suited for
AlN growth with suppressed SMBs. However, the miscut SiC showed a nano-faceted,
or step-bunched structure after etching. In particular, the surface was shown to
be composed of alternating (0001) planes and (112¯n) planes, where n = 11 − 12.
[Nakagawa et al., 2003]
The p-SiC substrates in this work were not etched to control the growth surface
36
Figure 3·4: Glancing-Exit reciprocal space map measured around the
AlN (112¯4) reciprocal lattice point.
step-heights, however step-height control may not even be possible on such highly
miscut substrates. This implies SMB defects are prevalent in the AlN layers. Based
on the data in Fig. 3·3B, the increased SMB defects do not introduce a significant
density of screw dislocations. However, the off-axis rocking curve widths of the AlN
on p-SiC are significantly larger than the best reported values in Fig. 3·3B. All data
points with low off-axis rocking curve FWHM values are from AlN grown on step-
height controlled substrates, with reduced SMB defects. Based on this difference, it
appears the SMB defects contribute to higher edge dislocation densities.
The glancing exit reciprocal space map (RSM) around the AlN (112¯4) diffraction
peak is shown in Fig. 3·4. (All samples had similar RSMs.) The location of the peak
is (4.038, 5.046) (1/A˚), which implies lattice constants of a = 3.112 and c = 4.981
A˚. Furthermore, the reciprocal lattice point is not smeared towards the SiC (112¯8)
point, indicating the AlN is relaxed and the relaxation appears to occur abruptly.
The relaxed nature of the AlN is in contrast to the 700 nm AlN grown coherently on
SiC, which was reported by Okumura et. al. [Okumura et al., 2012] However, these
authors grew their AlN on on-axis SiC, which had been etched to control the growth
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Figure 3·5: (Left) The measurement schematics and (Right) coupled
ω-2θ scans used to measure the tilt between the p-SiC and AlN crys-
talline lattices.
surface step-heights; a process which was not attempted in this work.
Many authors have measured a misorientation between the crystal lattices of
vicinal SiC substrates and AlN epitaxial layers. [Suda et al., 2009, Brault et al.,
2003, Huang et al., 2005] Triple-axis, glancing-angle, coupled ω-2θ measurements
made around the AlN (0002) and SiC (0004) reciprocal lattice points reveal a mis-
orientation of 0.099◦ for sample V3674. The measurement schematics and data are
shown in Fig. 3·5, which indicate the AlN lattice is displaced towards the surface
normal, along the [112¯0] miscut axis.
Tapping-mode AFM measurements of the surface morphology of V3674 are shown
in Fig. 3·6. The surface morphology is composed of regions of step bunched material,
separated by linear pits. The step-bunched material contains facets directed along
the miscut [112¯0] direction.
The data presented in this chapter shows that good quality AlN can be grown
on the pre-processed, vicinal, p-SiC substrates described in Chapter 2. Growth con-
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Figure 3·6: 2x2 µm field of view AFM measurements of AlN (V3674).
ditions which yielded the best material quality utilized high substrate temperatures
(825 C) and a Ga surfactant. The high growth temperatures imparts increased ther-
mal energy to the adatoms, increasing mobility. The Ga surfactant occupies active
nitrogen, increasing the mobility of adsorbed Al. The increased ad-atom mobility
should lead to larger domains, and thus fewer dislocations, which was observed in the
XRD data. These growth conditions are used for the AlN buffer layers (or electron
blocking layers) for the subsequent samples described in this work.
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Chapter 4
Growth and Characterization of
AlGaN-Based Multiple Quantum Wells
This chapter addresses the design, growth, and characterization of AlGaN-based
quantum wells. A model based on the wurtzite k.p method was developed to charac-
terize the quantum states of electrons and holes in arbitrary quantum well structures.
The influence of growth conditions on the optical characteristics of quantum wells
was considered within the potential fluctuation framework previously proposed by
our group.
4.1 Quantum Well Properties in Vertical and Inverted UV
LEDs
The quantum wells detailed in this chapter will be used in the active region of UV
LEDs on p-SiC substrates. Therefore, three major characteristics are required:
1. Ultraviolet emission (below 300 nm),
2. Maximized surface emission and minimized edge emission,
3. Maximized internal quantum efficiency (IQE).
These requirements are addressed by examining the design parameters (barrier and
well alloy composition and thickness), and the growth condition dependent material
properties of the quantum wells.
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The optical properties of quantum wells with arbitrary thicknesses, alloy contents,
and strain states were modeled with the k.p method; discussed in detail in Sec. 4.2.
Using this model, the ground state transition energy was calculated to ensure the
emission wavelength was below 300 nm. Furthermore, the symmetry properties of
the ground-state valence band determines the optical polarization of the generated
light. Therefore, this model was used to ensure surface emission was favored over
edge emission.
The k.p method was also used to characterize the effects of the quantum confined
Stark effect (QCSE). The QCSE exists in nitride quantum wells grown along the polar
c-axis. Polarization charge at the two well/barrier interfaces supports electric fields
which tilt the well potential. This tilt red-shifts the transition energy and reduces
the overlap between the electron and hole envelope functions, thereby reducing the
radiative recombination rate. The k.p model allows the electron-hole overlap integral
to be calculated and compared for arbitrary quantum well structures, ensuring the
radiative recombination rate is maximized.
The energy and polarization state of optical emission from quantum wells is de-
termined by the well and barrier thicknesses and alloy compositions. These design
parameters also influence the IQE through the QCSE. The IQE is also dependent
on material properties. For example, non-radiative recombination centers provide
carriers additional recombination pathways, thereby limiting the IQE. However, deep
potential fluctuations in the conduction and valence bands can localize carriers be-
fore they interact with non-radiative recombination centers. This mechanism is shown
schematically in Fig. 4·1, whereby the radiative process (B) prevents the non-radiative
process (A). The competing influences of non-radiative recombination centers and po-
tential fluctuations determine the IQE of the quantum wells.
Due to lattice mismatch, nitride semiconductors grown on foreign substrates are
permeated with threading dislocations. There is disagreement in the literature re-
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Figure 4·1: Schematic of carrier recombination via (A) mid-gap states
and (B)/(C) radiative process.
garding the nature of states introduced by dislocations. Moustakas argues surface
states in nitrides are shallow based on the ionic characteristics of the III-N bond.
Therefore, the energy states associated with edge dislocations, which are lines of dan-
gling bonds, are traps rather than non-radiative recombination centers. [Moustakas,
2013] Speck and Rosner reported on spatially-resolved CL studies which correlated
dark regions in the CL map to threading dislocations. [Speck and Rosner, 1999] It
is possible that impurities, such as oxygen, preferentially incorporate in dislocations.
The resulting defect-impurity complex could be responsible for deep-level states. [El-
sner et al., 1998] In this scenario, the states associated with the dislocation would
depend on the growth conditions.
A model describing the effect of dislocation density on IQE was developed by
Bandic et. al., and later refined by Karpov and Makarov. In the model, it is assumed
that dislocations provide non-radiative recombination centers for electron-hole pairs.
(Based on the above paragraph this may not be completely accurate.) The diffusion
equation is solved in the vicinity of cylindrical dislocations in order to calculate carrier
diffusion lengths as a function of dislocation density. The main parameters of the
model are the density of dislocations (which determines the cylinder radius) and
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Figure 4·2: Modeled effect of threading dislocations on IQE for GaN
films. These results are from Karpov and Markarov’s model. [Karpov
and Makarov, 2002]
the diffusivities of the carriers. Using these values, minority carrier lifetimes are
calculated using L =
√
Dτ , where L is the calculated diffusion length, D is the
diffusivity, and τ is the lifetime. These lifetimes are used in the Shockley-Read-Hall
(SRH) recombination rate equation, which is assumed to be the dominant form of
non-radiative recombination. The radiative recombination is modeled by Rrad = Bnp,
where B is the experimentally determined bi-molecular recombination rate constant.
Once the radiative and non-radiative recombination rates are known, the IQE can be
calculated. [Bandic et al., 2000, Karpov and Makarov, 2002]
This model, as applied to GaN, is shown in Fig. 4·2. Parameters were taken from
Karpov and Makarov, using an excitation level of 5×1018 cm−3 carriers. [Karpov and
Makarov, 2002] The results are similar to other published adaptations. [Rass et al.,
2015, Kneissl et al., 2010] Based on these results, IQEs above 10% are possible only
when dislocations densities are kept below 3×109 cm−2.
If carriers are immobilized before interacting with non-radiative recombination
centers, the influence of these centers is reduced. Immobilization occurs when carriers
are trapped in deep potential fluctuations. In AlGaN-based quantum wells, such po-
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tential fluctuations can be generated through alloy composition variation, well width
variation, or a superimposed Coulomb potential from ionized dopants. The resulting
potential confines electrons and holes (see Fig. 4·1), promoting radiative recombina-
tion. For light emitting material, this effect is most efficient when the fluctuations are
deep enough so carriers cannot thermalize, and dense enough so carriers encounter
fluctuations at a higher frequency than non-radiative recombination centers.
When potential fluctuations and non-radiative recombination centers are present
in a material, both influence the diffusion length of carriers. When this is the case, the
model presented above needs to be adjusted to account for the additional radiative
recombination pathway. Karpov and Markarov commented on this possibility in
their letter: “Indeed, a partial compensation from codoping considerably lowers the
carrier diffusivities. This, in turn, increases the dislocation-mediated carrier lifetimes,
which is favorable for the light emission efficiency. An additional benefit may come
from the carrier localization away from the dislocations due to the electric potential
fluctuations.” [Karpov and Makarov, 2002]
This effect is perfectly exemplified in InGaN alloys. Despite threading dislocation
densities orders of magnitude above other III-V compounds, InGaN based LEDs and
lasers were commercialized in the late 1990’s and early 2000’s. The key to this success
was the defect insensitive emission characteristics of InGaN based MQWs; e.g. 80%
IQE from material with a threading dislocation density of 109 cm−2. It was shown
through time-resolved photoluminescence and positron annihilation measurements
that a localizing potential exists around InN-rich regimes. [Chichibu et al., 2006]
The potential fluctuations introduced by InN rich regimes in InGaN alloys localize
electron-hole pairs away from dislocations.
There are many reports showing AlGaN alloys also contain potential fluctuations.
Temperature-dependent photoluminescence measurements on MOCVD grown, 1 µm
thick AlxGa1−xN alloys (x ranging from 0 to 1) found localization energies of 95 meV
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and below. Furthermore, reports of a “S”-shaped dependence of the peak-emission
energy with decreasing temperature are indicative of potential fluctuations. [Nepal
et al., 2006] Despite this evidence, the IQE of AlGaN based active regions is inferior
to their InGaN counterparts. A possible explanation for this is related to the atomic
radii of In vs. Ga and Ga vs. Al in a tetrahedral environment. Indium has an 11%
larger radius than Ga which leads to a low miscibility and In-rich cluster formation
in InGaN. Al and Ga have identical ionic radii, and mix easily making statistical
fluctuation the only source of potential fluctuations. [Moustakas and Bhattacharyya,
2012] These statistical fluctuations appear to be too sparse, or too shallow in order
to effectively shield electron-hole pairs from non-radiative recombination centers.
Unlike InGaN, AlGaN alloys do not naturally form potential fluctuations which
efficiently localize electron-hole pairs. However, such fluctuations can be incorporated
under certain growth conditions. Previous work in our group has identified a liquid-
phase growth mode, which occurs under excess Ga growth conditions during plasma-
assisted MBE. In this growth mode, excess Ga creates a liquid layer on the growth
front. Active nitrogen and Al dissolve into the metallic layer, and growth proceeds
from the melt. Fluctuations in the excess Ga coverage along the growth front lead
to compositional inhomogeniety, which in turn create potential fluctuations. Using
this method, our group has reported AlN/Al0.70Ga0.30N MQWs grown on sapphire
substrates, emitting at 250 nm with an IQE of 50%. [Bhattacharyya et al., 2009]
Similar structures were grown on SiC with peak emission wavelengths around 245
nm, and IQE of 68%. It is important to note, the high IQE samples grown on SiC
were grown on on-axis and 3.5% miscut substrates, with thick AlN buffer layers.
[Zhang et al., 2012] (The MQWs reported in this chapter were grown on 8◦ miscut
substrates, with 40 nm AlN buffers.) Finally, Al0.60Ga0.40N/Al0.50Ga0.50N structures
were grown with PL emission peak of 299 nm, and 32% IQE. Furthermore, at low
temperatures the emission developed a high-energy shoulder, which was identified as
45
emission from carriers not able to thermalize to deeper potential fluctuations. [Liao,
2011]
Based on these results, the potential fluctuations resulting from excess Ga growth
conditions are larger than those resulting from the random nature of the alloy, and
act similarly to the In-rich regions in InGaN; effectively trapping electron hole pairs
and allowing radiative recombination before interaction with threading dislocations.
[Moustakas and Bhattacharyya, 2012]
4.2 Wurtzite k.p Method
The active regions were designed with a k.p model in order to ensure emission below
300 nm, promote surface emission, and minimize the influence of the QCSE. The
following summarizes the model as developed by Chuang and Chang, which was
numerically implemented in Python. [Chuang and Chang, 1996, Kumagai et al.,
1998, Chuang and Chang, 1997]
The valence band states of wurtzite semiconductors are defined by a 6x6 block-
diagonalized Hamiltonian:
H(~k) =
[
HU3×3(~k) 0
0 HL3×3(~k)
]
, (4.1)
where
HU3×3 = H
L∗
3×3 =
 F Kt −iHtKt G ∆− iHt
iHt ∆ + iHt λ
 . (4.2)
46
The constants are defined as follows:
F = ∆1 + ∆2 + λ+ Θ
G = ∆1 −∆2 + λ+ Θ
λ =
~2
2m0
(
A1k
2
z + A2k
2
t
)
+D1zz +D2(xx + yy)
Θ =
~2
2m0
(
A3k
2
z + A4k
2
t
)
+D3zz +D4(xx + yy)
Kt =
~2
2m0
A5k
2
t
Ht =
~2
2m0
A6ktkz
∆ =
√
2∆3
k2t = k
2
x + k
2
y.
(4.3)
The Ai parameters are the valence band effective masses, the Di parameters are the
deformation potentials, ii is the strain along the ith axis, ∆1 is the crystal-field
splitting energy and ∆2/3 are splitting energies due to the spin-orbit interaction. The
basis states associated with the ith row (|i〉) in Eqn. 4.1 are:
|1〉 = − α∗√
2
(ux + iuy) +
α√
2
(u¯x − iu¯y) |4〉 = − α∗√2(ux + iuy)− α√2(u¯x − iu¯y)
|2〉 = β√
2
(ux − iuy)− β∗√2(u¯x + iu¯y) |5〉 = β√2(ux − iuy) + β
∗√
2
(u¯x + iu¯y)
|3〉 = β∗uz + βu¯z |6〉 = −β∗uz + βu¯z,
where
α = 1√
2
exp
(
i
(
3pi
4
+ 3φ
2
))
β = 1√
2
exp
(
i
(
pi
4
+ φ
2
))
φ = tan−1
(
ky
kx
)
.
The ui/u¯i represent superpositions of spin up/down pi-type orbitals which have known
symmetry properties. They are used to deduce information about the polarization
state of a photon resulting from a given transition. It should be noted that these basis
functions are dependent upon the location in k-space which is under consideration.
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Hooke’s law for hexagonal crystals is given by:
σxx
σyy
σzz
σyz
σzx
σxy
 =

C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C11−C12
2


xx
yy
zz
2yz
2zx
2xy
 , (4.4)
where σij are the stresses, Cij are the elastic stiffness constants, and ij are the strains.
For the simplified case of biaxial strain, (ij = 0 for i6=j and σzz = 0), the strain is
given by:
xx = yy =
a0 − a
a
zz = −2C13
C33
xx, (4.5)
where a is the lattice constant of the substrate and a0 is lattice constant of the
strained film. Unless otherwise noted, this approximation will be used for all strain
effects considered in this work.
All of the parameters referenced above are tabulated for GaN and AlN. The pa-
rameter values for AlxGa1−xN can be found through linear interpolation of the binary
values. In this work, the values reported in Vurgaftman and Meyer were used. [Vur-
gaftman and Meyer, 2007]
4.2.1 Quantum Wells
The Hamiltonian described above can be used to model the quantized states in quan-
tum well structures grown along the c-axis (z), provided the following replacement is
made:
Aik
2
z →
d
dz
1
Ai(z)
d
dz
. (4.6)
Furthermore, the parameters which depend on alloy composition are functions of
distance along the quantum well axis. For a given kt, the upper (or lower) Hamiltonian
in Eq. 4.1 defines a set of three coupled differential equations describing the quantized
hole states. In this work, only the band-edge (kt = 0) was considered. The equations
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reduce to:
Fg1 = Eg1 (4.7)
Gg2 + ∆g3 = Eg2 (4.8)
∆g2 + λg3 = Eg3, (4.9)
giving a single differential equation for the |1〉 state (heavy hole or HH), and two
coupled differential equations for the |2〉 and |3〉 (light hole or LH and crystal-field
split-off hole or CH) states. The envelope functions (gi) and energy levels (E) can be
solved with periodic boundary conditions using the finite difference method. [Chuang
and Chang, 1997]
Polarization
Spontaneous and piezo-polarizarion discontinuities at the well-barrier interfaces give
rise to bound charge. The charge supports electric fields in the wells and barriers
which influence the quantum states; an effect known as the quantum confined Stark
effect. The potential (Vp) arising from the polarization with functional form P (z), is
given by:
− dVp
dz
= −P (z)
r(z)
, (4.10)
where r(z) is the dielectric constant variation along the quantum well axis. Since
P (z) and r(z) are known, this equation can be solved by plane-wave expansion,
making use of fast fourier transforms in Python. [Marquardt et al., 2010]
Conduction Band and Reference Zero Energy
The conduction band is modeled with a single-band effective mass equation. For a
given well/barrier system, two-thirds of the total energy gap difference is allotted to
the conduction band, with the remaining third given to the valence band. [Chuang
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and Chang, 1997] For clarity, the zero-energy and energy relation between the con-
duction and valence bands is elaborated below.
The “zero-energy” of the valence-conduction band system is defined as the un-
strained crystal-field band edge. [Chuang and Chang, 1996] In order to correctly
specify the quantum well potential due to the conduction and valence band disconti-
nuities, the following steps are required:
1. Calculate the valence band edges in both the well and barrier material, assuming
both materials are unstrained; the CH band should be at 0, the HH and LH
band edge locations will depend on the alloy content.
2. Determine the conduction band edge of the well and barrier by adding Eg to
the highest valence band edge energy.
3. The barrier conduction band-edge levels are defined as 2/3 the energy gap dif-
ference between the well and barrier material.
4.3 Growth and Characterization of AlN/AlGaN Multiple
Quantum Wells
As previously stated, the requirements of the MQWs are to emit light with wave-
lengths below 300 nm, promote surface emission, and minimize the QCSE. A heuris-
tic approach was used to satisfy these criteria. To ensure homoepitaxy onto the
buffer, AlN was fixed as the barrier material. In order to minimize the QCSE, the
magnitude of the polarization charge and thickness of the wells should be minimal;
therefore a well width of 1.5 nm was fixed. Given a 1.5 nm well between AlN barriers,
an Al0.30Ga0.70N alloy provides appropriate emission wavelength and optical polariza-
tion. Therefore, the quantum well structure which was investigated consisted of AlN
barriers (10 nm) and Al0.30Ga0.70N wells (1.5 nm).
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Figure 4·3: Band alignment and electron/hole wavefunctions for in-
vestigated AlN/Al0.30Ga0.70N MQW structures. The blue valence band
is the heavy hole, the red is the light hole, and the green is the crystal
field split-off hole.
The room temperature band lineup and ground-state envelope functions calculated
from the k.p model are shown in Fig. 4·3. This calculation assumes the wells are
strained to the barriers. The ground state for holes has heavy-hole character (|1〉);
therefore electron-hole recombination involving the ground state promotes surface
emission. The ground-state transition energy is calculated to be 4.31 eV (288 nm),
with an overlap integral of 0.48.
Increasing the the AlN content of the well AlGaN alloy lowers the emission wave-
length. Wells of Al0.40Ga0.60N emit at 271 and wells of Al0.50Ga0.50N emit at 255 nm.
For well material with AlN compositions up to Al0.70Ga0.30N, the emission is still
through the surface. Furthermore, higher AlN composition AlGaN wells reduce the
polarization charge and reduce the QCSE. Therefore, this quantum well structure is
adaptable for LEDs throughout the deep UV spectrum.
According to k.p calculations, quantum wells consisting of AlN barriers (10 nm)
and Al0.30Ga0.70N wells (1.5 nm) fulfill the required properties of the active region
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in the inverted vertical UV LED. To further optimize the IQE, growth condition
dependent material properties are investigated. Three samples were grown to study
how the amount of excess Ga flux present during the MQW growth affects the optical
properties. This experiment follows similar work done in this group, where excess
Ga was shown to promote potential fluctuations as evidenced by a red-shifted peak
emission wavelength, Stokes shift, and high IQE.
Figure 4·4: The schematics of the AlN/Al0.30Ga0.70N MQW samples.
The MQW samples consist of 15 pairs of the AlN/Al0.30Ga0.70N described above.
The MQWs were grown on a p-SiC/AlN template, in which the AlN is 40 nm thick
and grown under the identical conditions as V3674 (See Sec. 3). The samples are
shown schematically in Fig. 4·4. The p-SiC substrates were prepared for growth as
detailed in Sec. 2.2.
Three MQW samples were investigated. The MQWs in all samples were grown
at a substrate temperature of 775 C. The growth sequence was computer controlled
and consisted of: well growth, barrier growth, and growth interruption to allow any
accumulated Ga to evaporate. The RHEED was observed after 5, 10 and 15 QWs were
grown. For all samples, a streaky pattern was observed indicative of two-dimensional
growth. Nominally, the only difference between samples was the Ga flux during the
growth of the wells and barriers. The Ga flux was varied amongst samples as described
in Tab. 4.1.
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Sample Ga Flux (ML/s)
V3688 0.56
V3689 0.74
V3691 0.92
Table 4.1: Ga flux during growth of AlN/Al0.30Ga0.70N MQWs as
percentage of Al stoichiometic BEP.
The surface morphologies as measured by tapping mode AFM are shown in Fig.
4·5. In all samples, no Ga droplets were observed indicating the excess Ga supplied
during growth was evaporated during the growth interruption stages. All surfaces
show coalesced material separated by pits. Similar morphologies were measured on
thick AlN grown around 800 C. (Chapter 3)
The smallest features between pits (roughest surface) was measured on V3691;
the sample with the highest Ga flux. This was unexpected as it was anticipated that
the surfactant action of Ga would increase the Al and N adatom diffusion lengths
leading to increased feature sizes. However, based on Fig. 4·5 it appears that the Ga
flux supplied during V3688 and V3689 better accomplished this.
X-ray diffraction measurements were used to verify the MQW periodicity. All
measurements were taken using a skew-symmetric geometry, using the same integra-
tion time, beam-side optics, and detector settings. The θ-2θ scans around the AlGaN
(0002) reflection are shown in Fig. 4·6, along with an identical measurement made on
just the p-SiC substrate. In each scan, the high intensity peak at 35.57◦ is attributed
to the 4H-SiC (0004) reflection. The remaining peaks from the MQW samples are
attributed to the (0002) reflection of the nitride epilayers. In all MQW samples, at
least three satellite peaks are resolved due to the MQW periodicity. Based on the
satellite peak spacing, the MQW periods are 11.4, 11.7, and 11.8 nm for samples
V3688, V3689, and V3691. The measured periodicity agrees well with the designed
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Figure 4·5: 2×2 µm2 tapping mode AFM measurements of MQW
surfaces.
MQW structure in all samples.
The intensity of the satellite peaks is governed by the Z-contrast of the periodic
layers and the interface roughness. Based on Fig. 4·6, the satellite peak intensity
decreases with excess Ga. In light of the AFM measurements in Fig. 4·5, this is
attributed to interface roughness.
The reciprocal space maps (RSMs) around the AlGaN (112¯4) reflection were mea-
sured in the glancing-exit geometry. All samples gave similar data; the results for
V3691 is shown in Fig. 4·7. In Fig. 4·7, the vertical axes are directed along the
AlGaN [000`] and the horizontal axes are directed along the AlGaN [hh2¯h0]. An
intense diffraction peak from the p-SiC (112¯8) is observed at (4.087, 4.9779) (1/A˚). It
should be noted that these coordinates are in the AlGaN reciprocal lattice reference
frame. Due to the epitaxial layer tilt, the SiC crystallographic axes are rotated by
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Figure 4·6: Skew-Symmetric Θ-2Θ scans of p-SiC substrate and
MQW samples around the AlGaN (0002) diffraction point.
approximately 0.088◦. Therefore, the components of the SiC (112¯8) reciprocal space
point cannot be used to extract the lattice parameters, but the magnitude can. When
the RSM is plotted in the SiC coordinate system the expected lattice constants of a
= 3.081 and c = 10.086 A˚ are extracted from this peak. The (112¯4) diffraction peak
from the MQW is measured at (4.033, 5.028) (1/A˚); corresponding to lattice param-
eters of a = 3.116 and c = 4.999 A˚. These values are consistent with AlN which is
under slight tensile strain, due to the Al0.30Ga0.70N MQWs. The shoulder above the
MQW peak is attributed to the 40 nm AlN buffer. The location of relaxed AlN, as
measured in chapter 3, is indicated in Fig. 4·7 within the region of increased intensity.
Weak satellite peaks are measured above and below the intense AlGaN MQW
peak. Based on the main MQW and satellite peak separation, a periodicity of 11.3
and 11.4 nm is extracted, similar to the designed periodicity and the periodicity
extracted from Fig. 4·6. The SiC and AlGaN reciprocal lattice points are offset along
the horizontal axis and have different a lattice parameters, therefore, the MQWs are
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Figure 4·7: Glancing-Exit RSM measured around AlGaN (112¯4) re-
ciprocal lattice point. The vertical axis aligns with AlGaN [000`] and
the horizontal axis aligns with AlGaN [hh2¯h0] lattice directions.
relaxed from the substrate.
The room temperature PL spectra for all MQW samples are shown in Fig. 4·8.
Samples V3688 and V3689 have clearly defined peak positions of 296 and 294 nm,
respectively. Sample V3691 has a broad emission with high intensity from 300 to
320 nm. The emission spectra from V3691 has similarities to previously measured
material grown in our group. (See EL emission from V2798, reported in Chen Kai
Kao’s Ph.D. Thesis; Fig. 5.24). In these cases, the red-shift and broadening of the
emission was attributed to the formation of potential fluctuations.
The temperature-dependent PL spectra are shown in Fig. 4·9. The ratio of the
integrated intensity at room temperature to low temperature is commonly used to
estimate IQE. The theory behind this measurement is that, due to lack of carrier
diffusion at low temperatures, all photo-excited carriers recombine through radia-
tive recombination at 20K. At room temperature, the excess thermal energy allows
the photo-excited carriers to diffuse, allowing the possibility of defect mediated non-
radiative recombination. Thus, the ratio of the integrated intensity is an estimate of
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Figure 4·8: Room temperature PL spectra V3688, V3689, and V3691.
All scans were taken with the same amplifier settings and should be
roughly comparable.
the influence of non-radiative recombination.
The data in Fig. 4·9 indicate the integrated intensity ratio for V3688, V3689,
and V3691 are 21%, 35%, and 48% respectively. Furthermore, the dominant peak in
V3691 changes from the low energy peak at room temperature, to the high energy
peak at low temperature. This is a characteristics of the freeze-out effect, in which
excitons at low temperatures can no longer thermalize into global potential minima.
Therefore, more recombination occurs at higher energy (labeled C in Fig. 4·1) than
at lower energy (labeled B in Fig. 4·1).
These data show the onset of potential fluctuation formation as more excess Ga
is supplied during growth of the MQWs. The narrow emission peaks and lower inte-
grated intensity ratios of V3688 and V3689 suggest deep potential fluctuations were
not formed; while the double peak, broad emission, and higher integrated intensity
ratio of V3691 suggest potential fluctuations were formed.
From a device standpoint, the emission spectra of V3688 and V3689 and the IQE
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Figure 4·9: Temperature Dependent PL spectra of V3688, V3689,
and V3691.
of V3691 are ideal. Unfortunately the IQE boosting potential fluctuations necessarily
broaden the emission spectrum. A Ga flux in between the ones used for V3689
and V3691 may be ideal, however, reproducibly achieving those growth conditions is
unrealistic. Figure 4·10 shows the 300K PL spectra for MQWs structurally identical to
V3688, V3689, and V3691, but grown under conditions of varying excess Ga. (Varying
conditions of excess Ga were achieved through varying the growth temperature and
the supplied Ga flux.) These data show the spread in emission spectra and by proxy,
the spread in potential fluctuation incorporation is strongly dependent on growth
condtions.
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Figure 4·10: 300 K PL spectra for nominally identical MQWs grown
under varying conditions of excess Ga.
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Chapter 5
Growth and Characterization of n-AlGaN
The n-layer of the UV LED grown on a p-SiC substrate is composed of n-AlGaN. It
acts as a transparent contact layer; which facilitates electron injection into the active
region while allowing the active region emission to reach free space. The n-AlGaN is
required to have three characteristics:
1. Optically transparent to the active region emission,
2. Low sheet resistance,
3. Ability to form Ohmic contacts.
This chapter begins with a brief review of reported material characteristics of AlGaN
grown by MBE. This is followed by optimization studies of n-AlGaN layers grown on
p-SiC substrates. Films grown with Ga and In surfactants are reported.
5.1 AlGaN Growth by MBE
As described in Sec. A.1.1, under certain growth conditions excess Ga and excess In
can form thin metallic adlayers on the growth surface of AlGaN alloys. The presence
of these layers lowers the diffusion barriers of the adatoms. In this so-called metal-rich
regime, the increased adatom mobility facilitates two-dimensional growth. Without
these metallic layers, growth occurs under the so-called N-rich regime, where adatom
mobility is reduced. This leads to three-dimensional growth and rough/faceted surface
morphologies. Iliopoulos and Moustakas reported that in both growth regimes, Al has
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a sticking coefficient of unity. Therefore the AlN-content of an AlGaN alloy is tuned
by fixing the Al flux to the desired percentage of the active nitrogen flux. [Iliopoulos
and Moustakas, 2002, Iliopoulos et al., 2003, Wang et al., 2006, Korakakis et al.,
1997, Iliopoulos et al., 2001]
Complex ordering and compositional inhomogeneity have been reported in Al-
GaN alloys grown under Ga-rich conditions. Gao et. al. used TEM and small-angle
XRD studies to identify spontaneous composition modulation within their n-AlGaN
films. The authors concluded that the AlGaN bandgap narrowed as a result of the
composition modulation, leading to red-shifted PL emission. These authors also con-
cluded the films contained compositional separation through high-resolution XRD
measurements. [Gao et al., 2006] Complex atomic ordered structures (14 and 12 ML
periodicity) were observed by Iliopoulos and Moustakas in AlGaN samples grown un-
der excess Ga conditions using low angle XRD studies. AlGaN samples grown under
N-rich conditions showed 2 ML atomic ordering; identified through measurement of
the (0001) diffraction peak. [Iliopoulos et al., 2003]
Fellmann et. al. studied the compositional homogeneity of Al0.50Ga0.50N films
grown under stoichiometric Group III/N flux ratios and various growth temperatures.
They found the PL emission spectra and Stokes shift were dependent upon the growth
temperature. They concluded that low growth temperatures (650-680 C) limited the
Ga adatom mobility, leading to homogeneous AlGaN films. At higher growth temper-
atures, the PL emission red-shifted, the PL emission spectra broadened, additional
low-energy peaks were observed, and the Stokes shift increased. These observations
were attributed to the formation of Ga-rich regimes which formed due to increased
Ga mobility at higher growth temperatures. [Fellmann et al., 2011] Wise et. al.
observed compositional modulations in MBE grown Al0.40Ga0.60N, directed along the
[0001] crystallographic axis. These authors reported no ordering in their films, which
was attributed to low growth temperatures. [Wise et al., 2008]
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Compositional inhomogeneity in AlGaN alloys grown by MOCVD was measured
by Kusch et. al. These authors used spatially resolved cathode luminescence studies
to correlate localized red-shifted near band-edge emission to surface features arising
from step-bunching. They attributed these effects to varying Ga incorporation on
terraces versus steps; implying the miscut of the substrate and growth conditions
play a role in AlGaN homogeneity. [Kusch et al., 2014] Similar results were reported
by Bryan et. al. for AlGaN layers grown on vicinal bulk AlN substrates by MOCVD.
[Bryan et al., 2016]
The n-AlGaN layer within an UV LED is required to be transparent to the ac-
tive region emission, and have high n-type conductivity. The activation energy of Si
and absorption edge energy of AlGaN alloys increases with AlN content. Therefore,
AlGaN alloys with the lowest AlN content still transparent to the active region emis-
sion are ideal. Atomic ordering and phase separation modulate the conduction and
valence band potentials, influencing the optical and electrical properties of the al-
loy. The reports highlighted above indicate these effects are sensitively dependent on
growth conditions and the substrate characteristics. In this work, the substrates are
constrained to vicinal p-SiC. Therefore, growth conditions are sought which minimize
these band-gap narrowing effects.
5.2 n-AlGaN Growth with Ga Self-Surfactant
The first series of n-Al0.60Ga0.40N samples were grown to investigate the optical and
electrical properties of material grown under Nitrogen-rich and Ga-rich conditions.
The n-AlGaN layers were all grown within a LED epitaxial layer stack, as shown in
Fig. 5·1, and were nominally 750 nm thick. The AlN growth conditions were identical
to V3674, the growth conditions of the three Al0.30Ga0.70N/AlN QWs were identical
to V3689, and the n-AlGaN growth conditions are summarized in Table 5.1.
The surface morphologies of the n-AlGaN films were measured with tapping mode
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Figure 5·1: Epitaxial layer sequence and metallization layers of n-
AlGaN samples V3697, V3699, and V3700.
Sample Ga Flux (ML/s) Al Flux (ML/s) Si Cell Temp (C) CAR Temp. (C)
V3697 0.55 0.17 1190 800
V3699 0.55 0.20 1240 690
V3700 0.55 0.22 1245 700
Table 5.1: Growth parameters of n-AlGaN alloys grown without In.
AFM measurements, shown in Fig. 5·2. The surface of V3697 is rough and faceted,
consistent with N-rich growth. The surface of V3699 is smooth with some amount of
pits, characteristic of Ga-rich growth without full Ga surface coverage. The surface
of V3700 is smooth with fewer pits than V3699, indicative of Ga-rich growth with
full Ga surface coverage. Samples V3699 and V3700 were grown under very similar
conditions, however based on the AFM images, more Ga accumulated on the growth
surface for V3700. This highlights how narrow the growth windows are and the
limitations of sample reproducibility.
Figure 5·3 shows θ-2θ XRD scans around the AlGaN (0002) reciprocal lattice
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Figure 5·2: 2x2 µm tapping mode AFM images of n-AlGaN grown
under N-rich, <1 ML Ga coverage, and >1 ML Ga coverage.
points. These scans were measured in the triple-axis setup, in a skew-symmetric
geometry. The p-SiC (0004) substrate diffraction intensity peak is visible in all scans
at 2θ = 35.57◦, while the AlGaN diffraction peaks are visible at lower 2θ values.
The c-lattice parameter can be extracted from the 2θ position of the AlGaN (0002)
diffraction peak. Based on the extracted c-lattice parameter, the AlN percentage
can be extrapolated using Vegard’s law. As shown in Fig. 5·3, the estimated AlN
compositions are 54%, 57%, and 61% for V3697, V3699, and V3700 respectively, which
are within 5% of the expected compositions based on the Al flux used during growth.
(The maximum of each AlGaN peak was used in these calculations, as indicated in
Fig. 5·3. The (0002) peak location approximation was used to estimate the AlN-
composition instead of the method described in Sec. A.2.1 due to low intensity
diffraction from off-axis reciprocal lattice points.)
Each AlGaN (0002) diffraction peak appears to contain a shoulder which broadens
towards lower 2θ values. Diffraction intensity at these angles arises from material with
larger c-lattice constants; possibly due to strain relaxation or the presence of Ga-rich
AlGaN alloys. It is interesting to note that the sample with the largest Ga-coverage
during growth (V3700) shows the largest shift between the main AlGaN peak and
broadened shoulder.
64
Figure 5·3: θ-2θ scans around AlGaN (0002) diffraction peak for n-
AlGaN samples grown under various growth modes.
The 300K PL spectra of all three samples is shown in Fig. 5·4. It is assumed
the spectra are dominated by emission from the thick n-AlGaN, with a negligible
component from the 3 underlying quantum wells. The wavelength/energy of peak
emission is 288 nm / 4.31 eV, 295 nm / 4.20 eV, and 301 nm / 4.12 eV for V3697,
V3699, and V3700 respectively. These data indicate that based on the XRD data and
the Al-fluxes used during growth, as the AlN content of the AlGaN alloy increases the
peak PL emission energy decreases. This is a surprising result because the variation
of the band-gap with AlN-content is the opposite, i.e. the band-gap of AlGaN alloys
increases with AlN-content.
AlGaN films with a high degree of compositional inhomogeneity possess a Stokes
shif; defined by the energy difference between the absorption edge and the lumines-
cence peak location. The AlGaN films considered in this chapter are grown on UV
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Figure 5·4: 300 K PL of n-AlGaN samples grown under various growth
modes.
opaque p-SiC substrates. Therefore, transmission experiments can not be used to
extract the n-AlGaN absorption edge. Instead, reflectivity measurements were fit to
a model to estimate the spectral characteristics of absorption in the n-AlGaN films.
A transfer-matrix model was written in MATLAB as explained in depth in Sec.
7.1. Within this framework, each layer of a planar stack is parameterized by complex
optical constants and a thickness. When each layers parameters are known, the
reflection/transmission properties of the entire planar stack can be calculated.
Samples V3697, V3699, and V3700 were modeled as schematically shown in Fig.
5·5. The p-SiC substrate was considered to be semi-infinite, with optical constants
determined by ellipsometry measurements made on the bare substrate. The AlN
buffer and AlN/Al0.30Ga0.70N quantum wells were modeled by a 70 nm thick AlN
layer. The AlN and AlGaN optical constants were taken from the model proposed
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Figure 5·5: (Left) Schematics of transfer matrix model showing the
fit parameters: x (AlN-content of n-AlGaN), t (Thickness of n-AlGaN
layer), and A (Diffuse scattering parameter). (Right) The measured
and best-fit modeled reflectivity spectra of V3697, V3699 and V3700.
Also shown is the spectral form of the absorption coefficient used in the
model, and the 300 K PL spectra.
by Goldhahn et. al., in which the spectral variation of the complex optical constants
of an AlxGa1−xN alloy (0≤x≤1) are parameterized by the AlN content. [Goldhahn
et al., 2007]
The n-AlGaN layer contains unknown fit parameters. It is parameterized by a
thickness (600≤t≤800 nm), an AlxGa1−xN composition (0.45≤x≤0.75), and a diffuse
scattering parameter (0≤A≤1). The diffuse scattering parameter was used because
rough annealed contacts covered a finite area of the samples, reducing the reflected
signal. The reflectivity spectra were calculated for each combination of parameters.
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The combination of parameters which yielded the smallest sum of residuals between
the modeled and measured reflectivity spectra was deemed the best fit.
The measured reflectivity spectra, modeled reflectivity spectra, PL spectra, and
spectral form of the best-fit n-AlGaN extinction coefficient for V3697, V3699 and
V3700 are shown in Fig. 5·5. The AlN compositions and thicknesses obtained from the
best-fit parameters are consistent with the growth conditions. The only discrepancy
is the thickness of V3697; the extracted value is 620 nm compared to a nominal
value of 750 nm. This sample was grown under N-rich conditions. Unlike V3699 and
V3700, the growth rate was limited by the group III flux, which resulted in a lower
growth rate and subsequently thinner n-AlGaN layer. (All samples were grown for
equal times.) The fit-determined absorption edge for V3697 and V3699 is around
269 nm (4.61 eV), while the absorption edge for V3700 is around 265 nm (4.68 eV).
The extracted absorption edge energies can be used to estimate the magnitude of
the Stokes shift, which yields 300, 410, and 560 meV for V3697, V3699, and V3700
respectively.
Circular transmission line measurement (CTLM) structures were fabricated using
the Ti/Al/Ni/Au contact scheme, annealed at 800 C for 2 minutes in a N2 ambient.
(See Sec. A.3.1) Current-voltage measurements from the CTLM structures with gap
spacings of 10, 40, 80, 100, and 120 µm are shown in Fig. 5·6. The IV curves are
ohmic for all samples, which allowed the extraction of sheet resistance (and resistivity
assuming a known thickness - See Fig. 5·5) and specific contact resistivity. The
extracted parameters are listed on Fig. 5·6 and tabulated in Table 5.2.
Phase data from tapping mode AFM measurements of V3697 are shown in Fig.
5·7. Under this mode of AFM, contrast is achieved through changes in material com-
position. Therefore, the N-Rich growth mode yields un-coalesced columner structures.
Leakage through the voids between the n-AlGaN material is not suitable for vertical
devices; therefore this growth mode was not investigated further.
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Figure 5·6: CTLM measurements with spacings of 10, 40, 80, 100,
and 120 µm of n-AlGaN samples grown under various growth modes.
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Sample ρc (Ω-cm
2) ρ (Ω-cm) 300 K PL Peak (eV) Modeled α Edge (eV)
V3697 1.3×10−3 4.2 4.31 4.61
V3699 2.9×10−4 0.6 4.20 4.61
V3700 1.6×10−4 14 4.12 4.68
Table 5.2: Summary of electrical and optical properties of n-AlGaN
films grown under various growth modes.
Figure 5·7: 2x2 µm tapping mode AFM measurement of phase data
from n-AlGaN on V3697.
The n-AlGaN grown in V3699 and V3700 is suitable for vertical devices. Based on
the CTLM results, the resistivity of V3700 is 20 times higher than that of of V3699.
This can be attributed to a reduction in mobility in V3700, due to increased alloy
disorder. The Stokes shift is larger in V3700 than in V3699, implying the poten-
tial fluctuations are deeper. If the electron density supplied through Si dopants is
not sufficient to fully populate these fluctuations, conductivity arises through hop-
ping/tunneling between successive potential minima, lowering the mobility. [Zeng
et al., 2000] From this viewpoint, the potential fluctuations in the n-AlGaN films
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should be minimized.
The peak-shoulder angular spacing in the XRD measurements, Stokes shift, and
reduced conductivity in V3700 indicate that the n-AlGaN alloys contain potential fluc-
tuations; and the depths of such fluctuations depend on the degree of excess Ga used
during growth. These data support the previously reported correlation between the
degree of excess Ga during growth and potential fluctuation depth. [Bhattacharyya
et al., 2009] From a device standpoint, potential fluctuations limit the extraction ef-
ficiency by facilitating sub-bandgap absorption in the n-layer, and increase n-layer
resistivity through mobility reductions.
An additional factor influencing composition homogeneity is the varying Ga in-
corporation rate on different crystalline facets. [Bryan et al., 2016, Kusch et al., 2014]
Such facets on the growth surface can result from the large substrate miscut and sur-
face roughening from three-dimensional growth modes. This mechanism is suspected
to influence alloy fluctuations even in the absence of excess Ga, as evidenced by the
low 2θ shoulder in V3697.
Figure 5·8: Schematics of the epitaxial layer sequences and metalliza-
tion layers of V3698 and V3701
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In order to determine the role of growth surface roughness on AlGaN composi-
tional homogeneity, samples V3698 and V3701 were grown as shown schematically
in Fig. 5·8. Sample V3698 was grown in order to study a sample in which no layer
was grown under N-rich conditions. Sample V3698 consists of a 100 nm AlN buffer
layer (growth conditions identical to V3674), followed by 750 nm of n-AlGaN grown
under excess Ga conditions (growth conditions similar to V3700). Sample V3701
is composed of a 40 nm AlN buffer layer (growth conditions identical to V3674), 3
Al0.30Ga0.70N/AlN (3/10 nm) quantum wells (growth conditions identical to V3689)
and 750 nm of n-AlGaN. The first 75 nm of the n-AlGaN was grown under N-rich
growth conditions similar to V3697, while the remaining 675 nm was grown under
Ga-rich growth conditions similar to V3700. The goal of V3701 was to generate facets
on the initial n-AlGaN growth surface using the N-rich growth mode, then smooth
the film and incorporate potential fluctuations using excess Ga growth conditions. It
was expected that this sample would show the most extreme characteristics of po-
tential fluctuations. The growth conditions of the n-AlGaN layers in each sample are
summarized in Table 5.3.
Sample Al BEP (Torr) Ga BEP (Torr) Si Cell Temp CAR Temp (C)
V3698 7.88E-8 3.73E-7 1240 700
V3701 1.0E-7 3.73E-7 1245 775→700
Table 5.3: Summary of growth conditions during n-AlGaN growth of
samples V3698 and V3701. Initial N-rich growth of V3701 was achieved
with a high substrate temperature, which was subsequently reduced for
Ga-rich growth.
Based on AFM measurements, the surface morphology of V3698 is consistent with
growth under excess Ga conditions, similar to what was observed for V3699. For
V3701, the surface is similar to V3700. For the first 75 nm, the RHEED displayed
a spotty diffraction pattern, indicative of 3D growth under N-rich conditions. The
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smooth morphology is in agreement with the streaky RHEED observations made
during the final 675 nm of growth.
Figure 5·9 shows the triple-axis, skew-symmetric θ-2θ scans around the n-AlGaN
(0002) reciprocal lattice point for V3698 and V3701. For V3698, the (0002) reciprocal
lattice point shows a single peak (with no shoulder) at 2θ = 35.2◦; corresponding to a
Al composition of roughly 45%. The AlGaN (0002) reciprocal lattice point for V3701
contains multiple peaks between 2θ = 35.1◦ and 35.5◦. A curve-fitting algorithm
was used in the commercial software package LEPTOS, to identify 3 peaks at 2θ =
35.11◦, 35.33◦, and 35.43◦. These peaks cover alloys with compositions ranging from
Al0.37Ga0.63N to Al0.60Ga0.40N.
Figure 5·9: θ-2θ scans around AlGaN (0002) diffraction peak for
V3698 and V3701.
Comparing these data with the equivalent scan for V3700 (shown in Fig. 5·3), the
effect of the preliminary N-rich growth was to convert the broad low-angle intensity
observed for V3700 into distinct diffraction peaks. This is consistent with notion
that a rough and faceted growth surface promotes alloy inhomogeneity. Conversely,
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by growing V3698 entirely under 2D growth conditions, the low 2θ shoulder was
eliminated from the AlGaN (0002) reciprocal lattice point. This suggests that by
eliminating material grown under 3D growth conditions, compositional inhomogeneity
can be suppressed.
Figure 5·10: Room temperature PL spectra from V3698 and V3701.
The 300K PL spectra for V3698 and V3701 is shown in Fig. 5·10. The PL spectra
for V3698 is single peaked, centered at 302 nm, and qualitatively similar to those
measured for V3697, and V3699. The best-fit of the reflectivity spectra gives an
AlN-content of 45%, and a thickness of 730 nm. Both values are reasonable given
the growth conditions and XRD results. The modeled absorption edge is at 281 nm,
which implies a Stokes shift of 300 meV. The PL spectra for V3701 contains multiple
peaks with center wavelengths ranging from 286 to 379 nm. This is consistent with
the hypothesis that a rough growth surface promotes the incorporation of low AlN-
content AlGaN alloys, from whence the material luminesces.
Electrical properties were characterized with Ti/Al/Ni/Au based Ohmic contacts,
defined in CTLM test structures. The current-voltage measurements were again
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Ohmic, which allowed the extraction of ρ and ρc. The resistivity and specific contact
resistivity of V3698 were 0.2 Ω-cm and 1.0×10−4 Ω-cm2 respectively, the lowest of
any n-AlGaN sample measured thus far. The lowered resistivity is consistent with
the low Stokes shift.
5.3 n-AlGaN Growth with In Surfactant
Monroy et. al. showed 1-2 ML of In can be stabilized on the growth surface during
MBE growth of AlGaN. The metallic adlayer allowed two-dimensional growth of Al-
GaN films under stoichiometric Ga flux; i.e. the optimized AlGaN growth conditions
utilized no excess Ga. [Monroy et al., 2003] This technique is applied to the n-AlGaN
films studied in this work. As shown in the previous section, the depths of the com-
positional fluctuations were correlated (in part) with the amount of excess Ga on the
growth surface. The use of an In surfactant allows minimal Ga coverage of the growth
surface, which should minimize the magnitude of the compositional fluctuations in
the grown alloy.
A sample was grown to analyze the effects of an In surfactant during n-AlGaN
growth. Sample V3702 is composed of a 40 nm AlN buffer (same growth conditions as
V3674), 3 pairs of 10/1.75 nm AlN/Al0.30Ga0.70N quantum wells (same growth con-
ditions as V3689), followed by 750 nm of n-AlGaN grown under excess In conditions.
This sample was designed to be comparable to V3697, V3699, V3700, and V3701. It
is shown schematically in Fig. 5·11, and the growth conditions of the n-AlGaN layer
are tabulated in Table 5.4.
Sample Al BEP (Torr) Ga BEP (Torr) In BEP (Torr) CAR Temp (C)
V3702 1.0E-7 1.9E-7 2.9E-7 660
Table 5.4: Summary of growth conditions during n-AlGaN growth of
V3702. The Si cell temperature was 1240 C.
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Figure 5·11: Schematics of the epitaxial layer sequences and metal-
lization layers of V3702
AFM measurements of the surface morphology indicate V3702 was grown under
excess In conditions, with coverage of < 1 ML. The surface is similar to the sur-
face of V3699, showing smooth material punctuated by pits. This is consistent with
streaky RHEED observations, and a relatively fast brightening (< 30s) during growth
interruptions.
The triple-axis, skew-symmetric θ-2θ scans around the AlGaN (0002) reciprocal
lattice point are shown in Fig. 5·12. Despite being grown with lower Ga fluxes than
the samples previously reported, V3702 shows evidence of AlGaN composition sepa-
ration. Sample V3702 shows two distinct peaks centered at 2θ = 35.42◦ and 35.34◦,
roughly corresponding to Al0.60Ga0.40N and Al0.55Ga0.45N respectively (assuming no
Indium incorporates).
The 300K PL spectra and absorption edge of V3702 are shown in Fig. 5·13.
The PL spectra is single peaked and centered at 293 nm. The absorption edge was
inferred by a the fit to the reflectivity spectra. A Stokes shift of 395 meV is obtained,
comparable to V3699.
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Figure 5·12: θ-2θ scans around AlGaN (0002) diffraction peak for
V3702.
The electrical properties of V3702 were characterized with CTLM measurements
using the same Ti/Al/Ni/Au metallization scheme as previously described. Linear
current-voltage characteristics were measured, from which a resistivity and specific
contact resistance of 1.8 Ω-cm and 1.1×10−3 Ω-cm2 respectively, were extracted.
The data presented in this chapter show that MBE grown n-AlGaN, within the
UV LED structure on p-SiC substrates, contain potential fluctuations due to com-
positional inhomogeneity. Evidence of composition inhomogeneity is given by high-
resolution XRD measurements around the AlGaN (0002) diffraction peak. Broadened
peaks, and low angle diffraction intensity is visible in θ-2θ scans of most samples pre-
sented in this chapter. Based on PL and absorption measurements, the magnitude
of the Stokes shift stemming from this disorder is dependent upon the degree of ex-
cess Ga utilized during growth, and the roughness of the growth surface. The Stokes
shift is reduced by ensuring 2D growth conditions, and limiting excess Ga during
growth. Potential fluctuations introduce sub-bandgap absorption sites and reduce
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Figure 5·13: 300K PL spectra and absorption edge location for V3702.
carrier mobility, both of which are deleterious effects for UV LED performance.
78
Chapter 6
Growth, Fabrication and Characterization
of Vertical and Inverted UV LEDs
This chapter details the characterization of vertical inverted UV LEDs grown on p-
SiC substrates. Devices are fabricated from stacks of the epitaxial layers described in
previous chapters.
Current injection for electroluminescence measurements was facilitated by Ohmic
contacts formed to the n-AlGaN and p-SiC. The p-SiC Ohmic contacts are based
on Ti3SiC2, as described in Sec. 2.1.2. Using this process, a backside contact was
formed on the C-Face of the substarte. Contacts to the n-AlGaN were formed using
the Ti/Al/Ni/Au scheme described in Sec. 5.2, and were defined lithographically.
Wafer level electroluminescence (EL) was measured as schematically shown in Fig.
6·1. Measurements were made on 1x1 cm2 samples, which were mounted to Copper
heat sinks with silver paste. This allowed the p-side of the LED to be biased through
the copper plate. The sample-heat sink combination was then fixed to a stage on
an optics table with thermal tape. The n-layer was probed via the lithographically
defined Ohmic contacts, which defined individual devices.
Electroluminescence escaping through the n-AlGaN layer was collected into a UV
optical fiber. EL collection was achieved with an Edmunds UV fiber collimator-
refocusing mount, which was mounted on a micro-manipulator stage. The other end
of the fiber was connected to an Ocean Optics spectrometer. The refocusing lens had
an acceptance angle of 33◦, therefore, not all of the LED emission was collected using
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Figure 6·1: Setup for wafer-level EL measurement of vertically fabri-
cated UV LEDs.
this setup. For each device under test, the EL intensity was maximized by adjusting
the position of the fiber collimator-refocusing mount. Through this process, the
spectra obtained from different samples could be roughly compared.
The spectrometer was calibrated with a microJoules per count per pixel file, al-
lowing absolute irradiance measurements to be obtained. The calibration file was
generated using an integrating sphere. An integrating sphere is a cavity with two
apertures: one for light emission and one for light collection. The interior of the cav-
ity is coated with diffuse reflectors which scatter light equally in all directions. Light
is continuously scattered until it is absorbed in the cavity walls, or exits through the
detection port. Therefore, the light escaping through the detection port is less intense
than the input emission. However, with a light source of known spectral irradiance,
the integrating sphere can be calibrated. This was the calibration process used to
generate the calibration files referenced in the paragraph above.
The EL measurement setup shown in Fig. 6·1 does not use the integrating
sphere. Since the fiber collimator-refocusing mount collects significantly more EL,
the spectrometer calibration file leads to a significant overestimation of the abso-
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lute irradiance. In order to correct for this, a commercial UV LED (SETI prod-
uct UVTOP270TO39FW) was measured with both the integrating sphere and fiber
collimator-refocusing mount setups. The measurement was made at 20 mA DC cur-
rent conditions. The integrating sphere setup indicated an output power of 2.3 mW,
close to the manufacturers nominal value of 1.3 mW. The fiber coupled measurement
recorded a power approximately 500 times greater. This approximate conversion
factor is used to report the power output of the UV LEDs reported in this chapter.
6.1 UV LED Characterization
Samples V3699 and V3700 are composed of a 40 nm AlN buffer, 3 Al0.30Ga0.70N/AlN
(1.75/10 nm) quantum wells (design and growth conditions identical to V3689), and
750 nm of n-AlGaN with approximately 60% AlN composition. These samples were
originally grown in order to characterize the n-AlGaN layers as discussed in Sec. 5.2.
However, the epitaxial layer structure allows these samples to be evaluated as vertical
and inverted UV LEDs. Vertical devices were fabricated by forming Ohmic contacts
to the C-Face of the p-SiC substrate and the n-AlGaN.
Wafer-level, pulsed EL was excited with an HP 8114A. The peak current and
voltage values of the pulses were calculated using the methods described in Sec.
A.4.3. The IV curves from several circular devices with 40 µm radii and EL spectra
from 4002 µm2 devices are shown in Fig. 6·3.
The IV curves for both samples show the expected rectifying behavior of diode
devices. The EL measurements were taken at a 10 kHz pulse frequency with a 20%
duty cycle. Both spectra were measured from grid-like contacts (See Fig. 6·2(Right)
and Sec. A.5.1). The spectra are similar, showing a high intensity single peak emission
around 300 nm, and a broad low intensity shoulder starting around 390 nm. The low
intensity, 390 nm EL matches the PL spectra measured on bare p-SiC substrates,
thus it is attributed to recombination in the substrate. The high intensity EL around
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Figure 6·2: (Left) Schematics of epitaxial layers and metallization
of V3699 and V3700. (Right) Optical microscope image of fabricated
circular UV LED with radius 225 µm.
300 nm is attributed to recombination in the AlGaN epitaxial layers.
The PL spectra and the absorption edge of the n-AlGaN, determined using the
methods described in Sec. 5.2, are shown for both samples in Fig. 6·3. Based
on sample V3689, the peak quantum well emission is expected to occur at 295 nm
as shown in Fig. 4·8. Therefore, the origin of the EL emission (quantum wells or
n-AlGaN) is not known with certainty. If the EL is from the quantum wells, band-
tail absorption in the n-AlGaN reduces the light extraction efficiency. If the EL is
from the n-AlGaN, the lack of electron-hole confinement reduces the internal quantum
efficiency. In either case, further separation of electron-hole transition energy between
the n-AlGaN and quantum wells in the active region is needed to verify with certainty
that these devices work as expected.
The devices evaluated from V3699 and V3700 were defined by contacts, however,
no mesas were formed to isolate the current flow. Therefore, the injection efficiency
suffers as electrons injected into the n-AlGaN are free to find high-conductivity leakage
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Figure 6·3: (Left Plots) Current-Voltage curves from V3699 (Top)
and V3700 (Bottom) (Right Plots) Wafer-level pulsed EL spectra, n-
AlGaN PL spectra, and n-AlGaN absorption edge from V3699 (Top)
and V3700 (Bottom).
pathways to the substrate. Three-probe measurements using the CTLM structures
and the back contact were performed as shown schematically in Fig. 6·4. In the
first measurement (blue lines in Fig. 6·4), a bias was applied to the 40 µm diameter
contact of the CTLM structure (V1), while the outer conductor and back contact
were grounded (labeled V2 and V3 respectively in Fig. 6·4). Current flow through
the outer conductor and back contact were measured using an HP 4155A. A second
measurement was made (black line in Fig. 6·4) leaving the outer conductor floating
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Figure 6·4: (Left) Schematics of leakage current measurement.
(Right) IV measurements performed on V3699.
and measuring the current through the back contact. These data indicate the vertical
current (I3) measured in the floating configuration is the sum of the two current
measured in the grounded configuration. This suggests that a significant component
of the current spreads away from the contacts, possibly to leakage pathways, under
the EL measurement biasing configuration.
Sample V3702 was structurally identical to V3699 and V3700, and fabricated for
vertical characterization in the same way (see Fig. 6·2). However, the n-AlGaN was
grown using stoichiometric Ga flux and an In surfactant in order to reduce the degree
of compositional inhomogeneity. The IV curves from devices with 40 µm radii and
pulsed EL spectrum from grid-contact 4002 µm2 devices are shown in Fig. 6·5.
The IV curves are again rectifying, however, significantly more leakage current is
measured under reverse bias conditions. The increased leakage current could be due
to the high density of surface pits on the n-AlGaN, observed by AFM as shown in
Fig. 6·6.
The EL spectrum is defined by a high energy peak at 286 nm with a shoulder at
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Figure 6·5: (Left) Current-Voltage curves from circular devices with
40 µm radii (Right) Pulsed EL spectra, n-AlGaN PL spectra, and n-
AlGaN absorption edge.
Figure 6·6: 2x2 µm field of view tapping mode AFM image of surface
n-AlGaN on V3702.
303 nm, and a low energy peak at 395 nm. The low energy peak is attributed to the
p-SiC substrate, as the EL spectrum matches the PL spectra obtained from the bare
p-SiC substrate. The increased intensity of the substrate EL peak is correlated with
the larger leakage current measured at reverse bias. The higher energy EL peak is
attributed to the AlGaN epitaxial layers. However, the n-AlGaN PL spectra again
overlaps with the EL spectra considerably. Therefore, the location of the EL emission
(AlN/Al0.30Ga0.70N quantum well or n-AlGaN) cannot be determined with certainty.
In order to demonstrate a device in which the EL emission comes from the active
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region, V3666 was grown. This sample was grown using a Al/Ti backcoating, which
significantly lowered the growth temperature, allowing extreme excess Ga growth
conditions to be used during the active region. The structure of the device is identical
to the previously reported devices (see Fig. 6·2), however, the n-AlGaN layer is only
500 nm thick. Vertical devices were formed with Ohmic contact formation on the C-
Face of the p-SiC substrate, and the top n-AlGaN. The IV curves from devices with
40 µm radii and pulsed EL spectra from grid-contact 4002 µm2 devices are shown in
Fig. 6·7.
Figure 6·7: (Left) Current-Voltage curves from circular devices with
40 µm radii (Right) Pulsed EL spectra, n-AlGaN PL spectra, and n-
AlGaN absorption edge.
The IV curves again show rectifying behavior, with leakage levels similar to those
obtained from V3699 and V3700. The wafer-level pulsed EL spectrum show two
peaks, both of which can be attributed to the AlGaN epitaxial layers. The higher
energy peak is centered at 295 nm, which again overlaps with the PL spectrum from
the n-AlGaN (shown in Fig. 6·7). However, the lower energy peak is centered at
324 nm, which is significantly shifted from the n-AlGaN PL and the p-SiC PL. This
peak is attributed to EL from the quantum wells, and is consistent with PL spectra
measured from quantum wells grown under extreme excess Ga conditions (see Fig.
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4·8 and 4·10).
After successful demonstration of quantum well emission on the wafer level, the
1x1 cm2 sample was diced into 1x2 mm2 samples (6 devices per piece) for mounting
onto TO headers. The C-Face of the samples were glued to the header body using
Ag paste. The n-layer of the device was contacted with Al wedge wire-bonds, while
the p-layer of the device was contacted through the TO header body. (The body was
connected to a pin via a wirebond.) The fabricated device is shown in Fig. 6·8.
Figure 6·8: (Left) Mounted 1x2 mm LED chip with wirebonds con-
tacting two devices. (Right) DC EL spectra obtained at 22 and 55 mA
operating current.
DC EL spectra at injection currents of 22 mA and 55 mA were obtained using
the fiber collimator-refocusing mount, and shown in Fig. 6·8. A clear EL peak is
obtained at 326 nm, matching the pulsed wafer level EL peak. The high energy
peak at 295 is suppressed, possibly due to the lower injection current. The estimated
output power, based on the rough calibration of the fiber collimator-refocusing mount
setup, is 10 nW at a drive current 55 mA. This is an extremely low output power,
however, this is a proof-of-concept device. Further optimization of the active region
structure (e.g. number of quantum wells, thickness of the barrier layers, doping in
the electron blocking layer) should be performed to boost performance. In parallel,
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light extraction through surface patterning can be investigated.
In summary, V3666 serves as proof that quantum well EL is obtained from a
vertically fabricated, inverted UV LED grown on a p-SiC substrate.
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Chapter 7
AlGaN Based Graded Composition
Distributed Bragg Reflectors
One way to increase light extraction efficiency of the inverted vertical UV LED de-
scribed in this work, is to incorporate a distributed Bragg reflector (DBR) in be-
tween the active region and the absorbing p-SiC substrate. Such a device is shown
schematically in Fig. 7·1. There are a few reports in the literature of traditional
DBRs based on bilayers of AlGaN alloys. For example, Moe et al. reported a 20
period Al0.58Ga0.42N/AlN DBR, grown by metal-organic chemical vapor deposition
(MOCVD) on SiC, with peak reflectivity of 83% at 278 nm. [Moe et al., 2006] Sim-
ilarly, Getty et al. reported a 19.5 period Al0.60Ga0.40N/Al0.95Ga0.05N DBR, grown
on SiC by molecular beam epitaxy (MBE), with peak reflectivity of 80% at 280 nm.
[Getty et al., 2007] Recently, Franke et. al. reported peak reflectivity of 96% at
270 nm from a 23.5 period AlN/Al0.65Ga0.35N DBR grown on sapphire by MOCVD.
[Franke et al., 2014]
Light emitting diodes are electrically pumped devices, which requires the DBRs
to have p-type conductivity. In the previous reports the DBRs were based on bilayers
of AlxGa1−xN/AlyGa1−yN or AlxGa1−xN/AlN, in which impurity doping is inefficient
due to high donor/acceptor activation energy. [Nakarmi et al., 2005, Nakarmi et al.,
2004] A solution to this problem is DBRs based on compositionally graded AlxGa1−xN
alloys. In graded AlGaN alloys, free electron and hole densities are determined by
electric fields from polarization charges rather than by thermal activation of dopants.
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Figure 7·1: Schematic of epitaxial layer sequence and fabricated in-
verted vertical UV LED with a DBR for increased light extraction.
Both n- and p-type doping, resulting from remote mobile carriers accumulating on
fixed polarization charge, have been reported in graded composition AlGaN alloys.
[Simon et al., 2010, Jena et al., 2002]
The focus of this chapter is the design, growth, structural characterization, and
reflectivity characterization of AlGaN DBRs with various composition profiles. For
such AlGaN DBRs, both p- and n-type polarization doping are present in each period,
potentially allowing transport similar to long-period doping superlattices. [Schubert
et al., 1987]
7.1 Design: Transfer Matrix Method
The reflectivity characteristics were modeled using the transfer matrix method (TMM).
[Coldren et al., 2012] A model based on the formalism detailed below was written in
MATLAB. The model could be used to calculate the reflection and transmission
characteristics of an arbitrary stack of linear-dielectric media. The wavelength, po-
larization, and angular dependence of light was taken into account.
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7.1.1 Plane Wave Solution and Fresnel Coefficients
For linear and isotropic material, the electric field in a source free region is determined
by the wave equation: (
∇2 − µ ∂
2
∂t2
)
~E = 0, (7.1)
where  and µ are the complex valued permittivity and permeability. The assumed
solution is a plane wave, given by:
~E(~r, t) = ~E0 exp(iωt− i~k · ~r), (7.2)
where ~E0 is a constant, ω is the angular frequency, and ~k is the k-vector.
Plugging the assumed solution into the wave equation yields the dispersion rela-
tion:
~k · ~k = ω2µ, (7.3)
and thus:
~k =
2pi
λ0
n˜kˆ, (7.4)
where n˜ is the complex index of refraction, and kˆ is the unit vector in the direction
of propagation. It is important to remember that since ~k can be complex, these
equations govern both the real and imaginary components of ~k in a given media.
By choosing a exp(iωt) time dependence, the imaginary component of the index of
refraction (the extinction coefficient) is required to be negative in absorbing media.
To calculate how the electric fields change upon crossing a dielectric interface, the
E and H fields tangential to the plane separating the dielectrics must be continuous.
This provides two normal modes to consider: one in which the E field is entirely
tangential to the plane separating the dielectrics (TE), and one in which the H field
is entirely tangential to the plane separating the dielectrics (TM). First, assuming
TE modes, the reflection/transmission coefficients are calculated, then the duality
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principle is used for TM modes.
The situation of interest is an incident wave in one material characterized by
(1, µ1), impinging on another material, characterized by (2, µ2), as shown schemat-
ically in Fig. 7·2. For TE modes, the electric fields are entirely parallel to the plane
separating the dielectrics, thus the fields are written as scalars:
EI = E0 exp(−i~kI1 · ~r) ER = rE0 exp(−i~kR1 · ~r) ET = tE0 exp(−i~kT2 · ~r), (7.5)
where r/t is the reflection/transmission coefficient, and the time dependence has been
dropped. (For the setup in Figure 7·2, the electric field for the TE mode is assumed
to be entirely in the +y direction for all waves.) A common simplification is to recast
the problem into the plane of incidence as shown in Figure 7·2.
By Lorentz’s equation, the component of the electric field parallel to the boundary
separating the dielectric is continuous across said boundary. Therefore, the following
equation must be true at every point on the boundary:
E0 exp(−kIxx− kIzz) + rE0 exp(−kRx x− kRz z) = tE0 exp(−kTx x− kTz z). (7.6)
Because each term in the above equation varies harmonically in x, the only way the
equation is true everywhere on the plane separating the dielectrics, is if all three
functions have the same spatial frequency parallel to the boundary. Thus, the phases
of all the exponentials must match:
kIx = k
R
x = k
T
x . (7.7)
Using the newly derived relation between the kx’s, the previous boundary condi-
tion now reads:
1 + r = t. (7.8)
92
Figure 7·2: Schematic of incident, reflected, and transmitted k-vectors
at a planar interface.
The H fields are given by:
~∇× ~E = −∂
~B
∂t
→ ~H =
~k
ωµ
× ~E. (7.9)
By Ampere’s Law, in the absence of surface currents, the H fields tangential to the
boundary are continuous across said boundary. Thus:
− 1
ωµ1
kIz +
r
ωµ1
kIz = −
t
ωµ2
kTz , (7.10)
where the signs are given by the cross product, but can also be deduced by enforcing
Eˆ × Hˆ = kˆ. Combining Eq. (7.8) and (7.10) gives:
rTE =
µ2k
I
z − µ1kTz
µ2kIz + µ1k
T
z
, (7.11)
and
tTE =
2µ2k
I
z
µ2kIz + µ1k
T
z
, (7.12)
where the subscript TE indicate reflection and transmission for TE modes.
For source free media, Maxwell’s equations are invariant under the substitutions:
~E → ~H, ~H → − ~E, µ→ , → µ. (7.13)
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By making these substitutions, r and t for TM modes can be written by replacing µi
with i. Therefore:
rTM =
2k
I
perp − 1kTperp
2kIperp + 1k
T
perp
, (7.14)
and
tTM =
22k
I
perp
2kIperp + 1k
T
perp
. (7.15)
The transfer matrix method is used for light propagating in multilayer media.
Inside each layer, the electric field is a superposition of forward and backward prop-
agating light. Any system of optical elements (homogeneous space, interfaces, lenses
. . . ) can be modeled as a cascade of 2x2 matrices which act on input forward and
backward propagating electric field amplitudes, and return output forward and back-
ward propagating electric field amplitudes. In general, an entire optical system can
be described by a 2x2 matrix defined as:[
E+2
E−2
]
=
[
A B
C D
] [
E+1
E−1
]
. (7.16)
7.1.2 Interface Matrix
In the case of a planar interface between media 1 and media 2, the A,B,C and D
elements can be derived in terms of the Fresnel coefficients. Consider the case of light
incident from layer 1 onto layer 2; the equation becomes:[
t12
0
]
=
[
A B
C D
] [
1
r12
]
(7.17)
where r12/t12 are the reflection/transmission coefficients for light incident on media
2, from media 1. Additionally, consider the case of light incident on media 1, from
media 2: [
r21
1
]
=
[
A B
C D
] [
0
t21
]
. (7.18)
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These two matrix equations define a set of four equations which give:
A =
t12t21 − r21r12
t21
(7.19)
B =
r21
t21
(7.20)
C =
−r12
t21
(7.21)
D =
1
t21
. (7.22)
Thus, for light incident from media 1 into media 2, the Interface matrix can be written:
I1→2 =
1
t21
[
t12t21 − r21r12 r21
−r12 1
]
(7.23)
7.1.3 Propagation Matrix
Propagation through a homogeneous medium results in a phase change. This is
captured with a diagonal matrix given by:
Pn =
[
exp(−ikperpdn) 0
0 exp(ikperpdn)
]
, (7.24)
where dn is the thickness of layer n, and kperp is the perpendicular k-vector (possibly
complex) in layer n.
An entire multilayer stack can be modeled by multiplying propagation and inter-
face matrices together. By using the same argument as was made for the interface
matrix, the resultant 2x2 matrix has the form:
IN−1→NPN−1IN−1→N−2 . . . I1→2P1I0→1 =
1
tN0
[
t0N tN0 − rN0r0N rN0
r0N 1
]
, (7.25)
where r/t0N are the effective reflection/transmission coefficients for light incident from
layer 0, to layer N. This model assumes regions 0 and N extend to infinity.
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7.1.4 AlGaN Optical Constants
The TMM calculates the reflection/transmission characteristics of a planar stack, as-
suming the optical constants and thicknesses are known for each layer. The optical
constants for the AlxGa1−xN alloys were approximated from the model reported by
Goldhahn et al., which provided an analytical expression for the complex dielectric
constant as a function of wavelength and AlGaN composition. [Goldhahn et al., 2007]
This model is based on ellipsometry data from MOCVD grown bulk AlGaN, thus, it
is expected the optical constants from the MBE grown films should deviate slightly.
Ellipsometry measurements on MBE grown Al0.50Ga0.50N for wavelengths around the
fundamental gap gave an index of refraction about 3% lower than Goldhahn’s model.
Therefore, the index of refraction of AlGaN is approximated by rigidly lowering Gold-
hahn’s model by 3%. A plot of the AlGaN optical constants used in this model, and
their dependence on AlN composition, is show in Fig. 7·3. The optical constants
of the SiC substrates were measured with ellipsometry, as discussed in Sec. 2.1.3
and shown in Fig. 2·6B. Absorption and dispersion were considered with the energy
dependent complex optical constants; however, birefringence in AlGaN and SiC was
neglected.
Layers of graded composition AlGaN were modeled by a series of thin, uniform
AlGaN sublayers with composition (and corresponding optical constants) following
the specific graded profile. Sufficiently thin sublayers were used such that the modeled
reflectivity spectra did not change with thinner layers.
The TMM model described above was implemented in MATLAB. It was used
to model and design the reflectivity characteristics of DBRs consisting of square,
sinusoidal, triangular, and sawtooth compositional profiles ranging from Al0.50Ga0.50N
to Al0.85Ga0.15N. It was determined that the thickness of the periodic DBR layers, for
all composition profiles, should be approximately 59 nm for reflectivity peaks centered
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Figure 7·3: Wavelength dependent index of refraction and extinction
coefficient of AlGaN alloys, based on the model reported in [Goldhahn
et al., 2007].
at 280 nm, as shown schematically in Fig. 7·4.
Each DBR contains 15 periods and an additional partial period grown on top. This
partial period is required to ensure proper phasing of the DBR with the (air/DBR)
and (DBR/SiC) end terminations. [Coldren et al., 2012, Geels et al., 1991] The
partial period thicknesses were determined by the TMM model discussed above; the
thickness for the square, sinusoidal, triangular, and sawtooth DBRs were 0.5, 0.25,
0.25, and 0.4 of a complete period, respectively. (See Fig. 7·4)
7.2 Growth
The DBRs presented in this chapter were grown by my collaborator, Denis Nothern, at
Boston University. Growth occurred in the same GEN-II MBE system as previously
described, using identical plasma conditions. The substrates were undoped, 1 cm2,
on-axis 6H-SiC wafers, which were degreased, etched sequentially in 3:1 H2SO4:H2O2
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Figure 7·4: Schematics of investigated DBRs with (a) square, (b)
sinusoidal, (c) triangular, and (d) sawtooth AlGaN grading profiles.
Each DBR has 15 periods and is capped with an extra partial period
for proper phasing.
solution and HF. Nickel was deposited by electron beam evaporation on the backside
(C-face) of the substrate to assist bonding to a silicon carrier wafer (also coated
with Ni) with InGa solder. Finally, the substrates were cleaned in the MBE growth
chamber by multiple cycles of Ga deposition and evaporation. A 3 nm AlN buffer layer
was grown by sequentially depositing Al on the Si-face of the SiC, and exposing it to
the nitrogen plasma. This nitridation leads to a smooth AlN layer as confirmed by a
streaky reflection high energy electron diffraction pattern. Growth of the DBR then
commenced under slightly Ga-rich conditions. Under these growth conditions, AlGaN
with the metal-polar orientation was grown with Al stoichiometry determined by the
incident Al flux. The specific Al-composition profiles were grown by continuously
adjusting the Al effusion cell temperature during growth, based on the predetermined
flux-temperature relationship.
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Figure 7·5: Asymmetric reciprocal lattice maps of the investigated
DBRs around the AlGaN (1¯015) reciprocal lattice point (color is in
log scale). To the right of each reciprocal lattice map is a line scan
of the intensity along the DBR peaks (linear scale). The spacing of
sequential peaks indicates the spatial periodicity for each DBR. The
relative amplitudes of the satellite fringes are different for each DBR,
indicative of the different Al-composition profiles. (The small offset
between the measured and expected lattice constants is presumably
due to small differences in diffractometer zero-angles, which do not
affect the periodicity of the DBR scattering.)
7.3 Structural Characterization
The DBRs were studied using XRD measurements. Figure 7·5 shows the reciprocal
space maps (RSMs) of the DBRs around the AlGaN (1¯015) reciprocal lattice point.
The intense point-like peak in each RSM is from the 6H-SiC substrate, while diffrac-
tion from the DBR results in satellite peaks along the q[000`] axis. On the square
DBR RSM, the intense satellite peaks at high and low q[000`] correspond to the high
and low Al-content AlGaN respectively. The DBR peaks are displaced from the SiC
peak, indicating the DBR is coherent to itself but not to the SiC substrate. The line
scan along the q[000`] axis through the DBR peaks is plotted next to each RSM. The
relative intensity of the satellite peaks depend on the Fourier components describing
the periodic scattering power and c-plane lattice displacement variation along the
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c-axis, both of which depend on the functional form of the graded Al-composition.
[Chang and Giessen, 1985] As seen in Fig. 7·5, the relative intensities are different for
the four DBRs, confirming their compositional profiles are unique. From the spac-
ing of the satellite peaks, the periodicity of the square, sinusoidal, triangular, and
sawtooth profiles was found to be 59, 58, 58, 59 nm respectively. A period length of
approximately 60 nm was confirmed with Z-contrast scanning transmission electron
microscopy (TEM) measurements, shown in Fig. 7·6 for the square DBR. This image
was obtained on a 200kV FEI Osiris TEM/STEM.
Figure 7·6: Cross-sectional Z-contrast scanning TEM image of the
square DBR. This image shows the 6H-SiC substrate and all 15.5 DBR
layers.
7.4 Reflectivity Characterization
DBR reflectivity spectra were measured with an Agilent CARY 5000 spectrophotome-
ter using the 8o angle of incidence module. The reflected signal from the DBRs was
normalized to the lamp spectrum using a deep-UV enhanced Al mirror, assumed to
be 85% reflective in the DUV. The reflectivity spectra of these DBRs slightly depends
on the polarization of the incident light due to the 8o angle of incidence. Light from
the lamp source is unpolarized, thus the model assumes the reflected light is equal
parts s- and p-polarized.
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Figure 7·7 shows the measured and theoretically predicted reflectivity spectra.
The peak reflectance of the square and sawtooth DBRs occur at 285 and 283 nm with
intensities of 77% and 56% respectively, while the peak reflectance of the sinusoidal
and triangular DBRs occur at 279 and 277 nm with intensities of 68% and 65%. The
observed small redshift is expected due to the longer period lengths of the square and
sawtooth DBRs as measured by XRD.
Figure 7·7: The measured (red) and modeled (dashed blue) reflectiv-
ity spectra for the square, sinusoidal, triangular, and sawtooth DBRs.
The small observed difference between the modeled and measured spectra is at-
tributed to the optical constants of the AlGaN. The DBR reflectance peaks are close
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to the AlGaN fundamental absorption edge, where the optical constants vary rapidly
with wavelength (anomalous dispersion). The exact functional form of this variation
for each alloy composition is dependent upon absorption processes around the fun-
damental gap. Absorption at energies below the fundamental gap could arise from
compositional fluctuations, which are known to occur in AlGaN grown under excess
Ga. [Moustakas and Bhattacharyya, 2012, Moustakas, 2013] The AlGaN optical con-
stants are also influenced by electric fields supported by the polarization charge in each
period, analogous to the quantum confined Stark effect in nitride-based LEDs. As
a result, the Franz-Keldysh effect introduces an additional pathway for sub-bandgap
absorption. Furthermore, the strong electric fields can suppress excitonic absorption
resonances, reducing their contribution to the AlGaN dielectric function. [Goldhahn
et al., 2007] Considering the complicated nature of these structures, the TMM models
the reflectivity spectra of the DBRs exceptionally well.
DBR κpeak (µm
−1) Peak Reflectivity FWHM (nm)
Square 1.9 77% 16.5
Sinusoidal 1.7 68% 15
Triangular 1.4 65% 13
Sawtooth 0.9 56% 13.5
Table 7.1: Coupling coefficients (κ) at the wavelength of peak re-
flectivity and measured reflectivity characteristics (peak intensity and
FWHM) of investigated DBRs.
Coupled-mode analysis can be used to analyze the dependence of the reflectivity
characteristics on the graded composition profile. [Coldren et al., 2012, Geels et al.,
1991, Agrawal and Dutta, 1986] Within this framework, the incident and reflected
light are coupled by the periodic perturbation of the dielectric function (∆) along
the DBR axis, which is determined by the Al-composition profile. The strength of
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the coupling determines the peak and full width at half maximum (FWHM) of the
reflected spectra. It is quantified by the coupling coefficient κ, at normal incidence
given by:
κ =
k0
2n¯
∆m, (7.26)
where k0 is the free space wavenumber, n¯ is the average refractive index in a single
DBR period, and ∆m is the m
th order Fourier coefficient of ∆. [Agrawal and Dutta,
1986] The DBRs investigated in this work are first order gratings (m=1). In Table
7.1, κ is calculated for each DBR at the wavelength of peak reflectivity using the same
optical constants as the TMM model. As expected, the DBRs with higher values of
κ have reflectivity spectra with higher peak intensities and FHWMs. The sawtooth
DBR terminates with AlGaN of lower Al composition (higher refractive index) than
the sinusoidal and triangular DBRs. The slight increase of the sawtooths FWHM is
attributed to the enhanced reflectivity from the AlGaN/air end termination.
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Chapter 8
Conclusions and Future Directions
The goal of this dissertation was the demonstration of a vertically fabricated, inverted
UV LED, grown on a p-SiC substrate. A device structure consisting of the p-SiC sub-
strate, 40 nm AlN buffer layer, 3 AlN/Al0.30Ga0.70N quantum wells, and capped with
> 500 nm of n-AlGaN was investigated. Each device layer was considered separately
and optimized with respect to growth conditions and structure when possible.
Ohmic contacts based on Ti3SiC2 were successfully developed to both the lightly
doped C-Face and heavily doped Si-Face of the p-SiC substrates.
Sample V3674 was grown under optimum conditions for AlN growth on p-SiC;
at a growth temperature of 825 C and under a Ga surfactant. This sample yielded
the lowest screw dislocation density (1×107 cm−2) of any sample investigated, and
compared favorably with literature results. Edge dislocation density was high in
the investigated AlN samples, a result attributed to the formation of SMB defects
stemming from the inability to control the highly vicinal SiC surface step heights. In
future work, the growth of this inverted UV LED structure should be attempted on
on-axis p-SiC substrates (if available), which have been etched in order to establish
surface steps which are one unit cell high.
The quantum well based active region was optimized with regards to growth con-
ditions and design. A k.p model was written in Python in order to model the valence
band structure of arbitrary AlGaN based quantum wells, including the effects of
strain and polarization. An AlN/Al0.30Ga0.70N (10/1.5 nm) quantum well structure
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was picked due to sub-300 nm emission, and a valence band structure which promoted
surface emission. A growth condition study identified that excess Ga growth condi-
tions promoted potential fluctuations in the quantum wells, which red-shifted and
broadened the emission. Potential fluctuations were also shown to increase the quan-
tum well IQE based on temperature dependent photoluminescence measurements.
Studies on the n-AlGaN layers of the UV LEDs indicated that material grown
under N-rich and Ga-rich conditions contained compositional inhomogeneity. The
degree of compositional inhomogeniety was found to vary based on the amount of
excess Ga used during growth based on Stokes shift measurements. Compositional
inhomogeneity yields carrier localizing potential fluctuations, which are advantages in
light emitting device layers, however, they lead to parasitic sub-bandgap absorption
and mobility reduction in the n-layer. Compared to excess Ga growth conditions, n-
AlGaN grown under stoichiometric Ga flux and an In surfactant reduced the Stokes
shift of the resulting alloy from 550 meV to 400 meV. The remaining Stokes shift was
attributed to growth on rough surfaces and the vicinal substrate. The minimization
of alloy inhomogeneity in the n-AlGaN is another reason to investigate the growth of
these devices on on-axis substrates.
These studies culminated in the demonstration of a prototype UV LED with
emission from the quantum well active region. The peak EL intensity was at 325 nm,
although other devices show EL down to 295 nm. This device was mounted on a TO
header and displayed 10 nW DC EL under 55 mA drive current.
As a first step to increase device efficiency, graded composition AlGaN DBRs
were investigated. Such DBRs, if placed in between the active region and the p-
SiC substrate, would increase light extraction efficiency by limiting absorption in the
substrate. Furthermore, the graded composition in these structures makes use of
polarization doping phenomena. DBRs based on square wave, sinusoidal, triangular,
and sawtooth composition profiles were designed using the TMM, grown by MBE,
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and measured to have reflectivity peaks above 50% at 280 nm.
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Appendix A
Experimental Methods
This chapter begins with a description of the tools and methods used to grow and
characterize the III-N thin films in this work. It concludes with a summary of the pro-
cessing techniques used to fabricate these films into devices, and the characterization
techniques used to evaluate the devices.
A.1 III-N Growth by Molecular Beam Epitaxy
Growth of crystalline semiconductors by molecular beam epitaxy (MBE) is best sum-
marized by Jeffery Tsao in his book: “Material Fundamentals of Molecular Beam
Epitaxy.” He writes: “Broadly stated, MBE is simply crystallization by condensa-
tion or reaction of a vapor in ultra-high vacuum.” [Tsao, 1993] This crystallization
occurs within a reactor consisting of an ultra-high vacuum chamber, sources of the
constituent elements, a substrate heater, and assorted in-situ diagnostic tools. The
reactor used in this work was a Veeco GEN-II system, shown in Fig. A·1. In depth
descriptions of the reactor are given by previous graduates of the group. [Nothern,
2016, Woodward, 2017] During the course of this work, base pressure in the growth
chamber was 3×10−9 Torr (UHV conditions), and is maintained by a turbo-molecular
pump, Ti-sublimation pump, and liquid nitrogen cooled cryoshrouds which were filled
during growth. The group III, Si, and Mg atomic fluxes are supplied by standard ef-
fusion cells while the nitrogen flux is supplied through a Veeco UNI-bulb RF plasma
source.
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Figure A·1: GEN-II MBE system at Boston University used to grow
the III-N thin films in this thesis.
Schematics of the growth chamber and substrate heater assembly are shown in
Fig. A·2. Substrates were loaded for growth using the following procedure:
1. A 1x1 cm2 substrate is placed between molybdenum mounting plates. The plate
facing the effusion cells contain four fingers which contact the substrate.
2. The plate-substrate-plate assembly is mounted to a molybdenum uni-block
holder using two snap rings.
3. The uni-block holder is mounted on a magnetically coupled trolley through
three holes in the uni-block. The trolley is loaded into the vacuum chamber,
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and the chamber is pumped down.
4. Once the chamber reaches suitable vacuum (1×10−6 Torr), successive thermal
cleaning occurs at 140 C, and 500 C in the “entry” and “buffer” chambers
respectively. [Woodward, 2017]
5. After the 500 C thermal cleaning, the substrate is loaded onto the CAR assembly
(see Fig. A·2) using a magnetically coupled transfer arm.
The heater and sample form a cavity, where a thermocouple is located. The
growth temperatures which are cited throughout this work are determined from this
thermocouple. An ion gauge is on the backside of the heater assembly (see Fig. A·2).
This gauge can be rotated into the substrate position in order to measure the beam-
equivalent pressures (BEP) from the various effusion cells. This process is discussed
in detail in Sec. A.1.2.
Figure A·2: (Left) Schematic of GEN-II MBE growth chamber used
in this work. (Right) Schematic of the substrate heater assembly.
A.1.1 Growth Model
Growth of III-N’s by MBE is fundamentally different than growth of other III-V
semiconductors. The thermodynamic equilibrium state of GaN (and AlN) under
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typical MBE growth conditions is liquid (l) gallium and vapor (v) nitrogen. In order
to synthesize crystalline (c) GaN by MBE, additional kinetic energy is imparted to the
nitrogen via a plasma. (This process produces a flux of activated nitrogen, denoted
N∗.) After GaN (c) formation, a large kinetic barrier prevents the reverse reaction
to the equilibrium state (Ga (l) and N (v)), thus allowing the synthesis of GaN.
Therefore the growth of GaN occurs under meta-stable equilibrium conditions. This
is not the case for GaAs growth, in which GaAs (c) is in thermodynamic equilibrium
under MBE conditions. [Newman, 1997, Tsao, 1993]
As a result of the meta-stable growth mode, the surface kinetics of the adsorbed
atoms heavily influence the material characteristics of III-N thin films. Due to their
highly reactive nature, both the activated nitrogen (N∗) and aluminum atoms have
low mobility on the growth surface. [Moustakas and Bhattacharyya, 2012] Lim-
ited adatom mobility leads to roughened surfaces/interfaces, and reduced grain sizes.
Small grains increase the tensile stress in the film, and are correlated to increased dis-
location densities. [Metzger et al., 1998] Growth parameters which increase adatom
mobility are used to improve the structural quality. Adatom mobility can be enhanced
by considering two mechanisms: increased substrate temperature and the stabiliza-
tion of a thin liquid Ga or In metallic layer on the growth surface. [Iliopoulos and
Moustakas, 2002, Monroy et al., 2003]
On the growth surface, adatoms can diffuse, incorporate into the film, or desorb.
The adatoms gain thermal energy from the heated substrate, therefore increasing the
substrate temperature increases the adatom mobility and desorption rate. At relevant
MBE temperatures, the Al desorption rate is small, however, the Ga desorption rate
becomes significant for substrate temperatures in excess of 700 C. [Iliopoulos and
Moustakas, 2002]
It has been reported that 1-2 MLs of Ga or In can be stabilized on the growth
surface, creating enhanced diffusion channels for adatoms. Through first principals
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calculations, Northrup et. al. showed that under excess Ga growth conditions it is
energetically favorable for a liquid layer of Ga to form on the growth surface of GaN.
[Northrup et al., 2000] (Excess Ga growth conditions imply a higher atomic flux of
Ga than activated nitrogen. This is discussed further in the following paragraphs.)
Experimental support of this model was reported by Adelmann et. al. with RHEED
studies of GaN surfaces at different substrate temperatures and Ga flux conditions.
[Adelmann et al., 2003] These findings are in agreement with the surface structure
phase diagram reported by Heying et. al. described in the following paragraph.
The surface morphology of GaN and AlN depends on the substrate temperature
and the group III to N∗ flux ratio. In the case of GaN grown on GaN, three growth
condition regimes were identified. One regime, which occurs at all substrate temper-
atures, is N-rich growth which occurs when the N∗ flux exceeds the Ga flux. GaN
growth in this regime is characterized by a three-dimensional growth mode, yielding
a rough and pitted surface. Two regimes were identified when growth occurred under
excess-Ga conditions. The amount of excess Ga which divides the two regimes is
temperature dependent with the form:
FGa Excess = A exp(−2.832/kBT ), (A.1)
where A is a constant. [Heying et al., 2000] At a given substrate temperature (T),
for Ga fluxes exceeding Eq. A.1, the GaN surface is atomically smooth but contains
Ga droplets. For Ga fluxes less than Eq. A.1, the surfaces are made up of large
plateaus of smooth material separated by pits. The differences between the surface
morphologies of films grown in the three regimes was attributed to the differences
in the adatom mobilities. N-rich growth limits adatom mobility due to the strong
Ga-N bond, thus, three-dimensional growth and a faceted surfaces are observed. In
the intermediate and Ga-rich growth mode, it is hypothesized that a monolayer of
Ga is stabilized on the surface, which increases the adatom mobility. This leads to
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two-dimensional growth and smooth surfaces. Further supporting this claim is the
similarity of the activation energy separating the droplet and intermediate regimes
(2.8 eV), and the desorption energy of Ga over liquid Ga (2.8 eV). [Heying et al., 2000]
It should be noted that in the study of Heying et. al., no correlation was measured
between surface morphology and the threading dislocation density of the GaN films.
The surface structure digram is similar for AlN. N-rich growth is again associated
with rough and pitted surfaces. Al-rich growth conditions are separated into two
regimes, divided by:
FAl Excess = A exp(−3.14/kBT ). (A.2)
For a given temperature, Al-flux above Eq. A.2 leads to smooth surfaces with Al
droplets, while excess Al-fluxes below Eq. A.2 give smooth surfaces without droplets.
The mechanism was again identified as the stabilization of a liquid adlayer of metal-
lic Al, which increases the adatom mobility and promotes two-dimensional growth.
[Koblmueller et al., 2003]
Moustakas and Iliopoulos reported similar results for AlGaN growth. [Iliopoulos
and Moustakas, 2002] Several AlGaN films were grown with varying Ga flux at a fixed
substrate temperature of 750 C. Three growth regimes were identified depending on
the ratio of the total group III flux (III) to the active nitrogen flux. For III/N∗ <
1, N-rich growth was observed; no Ga ML was stabilized and the limited adatom
mobility resulted in three-dimensional growth (verified by a spotty RHEED pattern)
and rough surface morphologies. For III/N∗ > 1, the RHEED pattern was streaky,
indicating a 2D growth mode. This was attributed to the formation of a liquid Ga
layer on the growth surface. In a similar study, Monroy et. al. showed evidence that a
liquid In layer can be stabilized on the AlGaN growth surface using RHEED studies.
Two regimes were identified corresponding to the stabilization of <1 ML and >1 ML
of In on the growth surface. [Monroy et al., 2003]
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A.1.2 Atomic Fluxes
The III/N∗ flux ratio influences the growth mode and surface morphology of MBE
grown III-N films. In order to control this growth parameter, the elemental flux vs.
temperature dependence of the effusion cells must be known. The elemental flux (F),
from an effusion cell at temperature (T), is given by:
F = C
P√
mkBT
, (A.3)
where m is the mass of the element, P is the BEP (when the cell is at temperature
T), and C is a constant depending on the sensitivity of the ion gauge to the particular
element and the geometrical configuration of the source and gauge. [Woodward, 2017]
In the GEN-II system used in this work, the ion-gauge used to measure the BEP was
mounted to the CAR assembly and could be rotated to the location of the sample
during growth. (See Fig. A·2)
In the wurtzite structure, each unit cell contains two cations and two anions.
Therefore, the density of group III elements is:
2
a¯1 · a¯2 × a¯3 (Atoms/m
3), (A.4)
where a¯i are the wurtzite lattice vectors described in Eq. A.26. Therefore, the density
of Al and Ga in AlN and GaN respectively are 4.79×1022 Al/cm3 and 4.38×1022
Ga/cm3. The sheet density of Group III atoms in a single monolayer (ML) is given
by:
1
|a¯1 × a¯2| (Atoms/m
2), (A.5)
where a¯1/2 are the in-plane lattice vectors.
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Al Bot Correction Factor
The constant (C) for the bottom Al effusion cell was determined based on the effu-
sion cell parameters which yielded stoichiometric AlN growth. Based on numerous
growths, the AlN growth rate under plasma conditions of 300 W, and 1.2 sccm (these
conditions were used for all growths reported in this thesis) is 275 nm/hour. The bot-
tom Al cell temperature and BEP required for stoichiometric growth (smooth surface
with no Al droplets) are 1091 C, and 1.568×10−7 Torr, respectively.
A growth rate of 275 nm/hour corresponds to:
275 nm
3600 s
· 2 ML
cAlN
= 0.3067 ML/s, (A.6)
where cAlN is the c-lattice constant of AlN. The number of group III atoms in one ML
is given by Eq. A.5, therefore the flux of Al atoms corresponding to an AlN growth
rate of 275 nm/hour is given by:
0.3067 ML
s
· 1/|a¯1 × a¯2|Atoms/cm
2
ML
= 3.656× 1014
(
Atoms
cm2s
)
. (A.7)
(Note this value is to within 5% of that reported by Woodward. [Woodward, 2017])
Given this flux and the operating conditions of the Al cell, the constant (C) can be
calculated:
3.656× 1014 = C (1.568× 10
−7)(133.322)(10−4)√
(27)(1.66× 10−27)(1.3806× 10−23)(1364.15)
(
1
cm2s
)
, (A.8)
giving:
CAl Bot = 5.081. (A.9)
Ga Correction Factor
The calculation of C for the Ga effusion cell is based on AlGaN samples grown under
various conditions. The analysis is based on the following assumptions:
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1. The AlGaN samples were grown in the N-rich regime
2. The sticking coefficient of Al is unity [Iliopoulos and Moustakas, 2002]
3. The Ga desorption rate follows an Arrhenius equation with EA = 2.88 eV [Il-
iopoulos and Moustakas, 2002]
The data presented in the following paragraphs are from samples V3692 and
V3697, which are n-AlGaN films grown under N-rich growth conditions using two
different Ga cell conditions and substrate temperatures. The relevant growth and
XRD determined structural parameters are listed in Table A.1.
Sample Sub. Temp. Ga Temp. Ga BEP Al Flux
V3692 775 C 905 C 1.557×10−7 (Torr) 1.899×1014 (cm−2s−1)
V3697 825 C 945 C 3.733×10−7 (Torr) 1.861×1014 (cm−2s−1)
Sample a (Angs.) c (Angs.) AlN%
V3692 3.138 5.077 56%
V3697 3.126 5.075 61%
Table A.1: n-AlGaN growth and XRD extracted structural parame-
ters of two N-Rich AlGaN samples.
These samples were grown under N-Rich growth conditions, thus the growth rate
was limited by the flux of the group III atoms. The growth rate can be inferred from
the known Al flux and resulting AlGaN composition, assuming 100% of the incident
Al incorporates in the alloy:
1.899× 1014
0.56/|a¯1 × a¯2| = 0.289 ML/s (V3692), (A.10)
1.861× 1014
0.61/|a¯1 × a¯2| = 0.258 ML/s (V3697). (A.11)
115
Using these growth rates, the Ga incorporation rate can be calculated using the known
AlGaN composition:
0.289 ML/s× 0.44× 1/|a¯1 × a¯2| = 1.491× 1014 Ga/s-cm2 (V3692), (A.12)
0.258 ML/s× 0.39× 1/|a¯1 × a¯2| = 1.190× 1014 Ga/s-cm2 (V3697). (A.13)
Due to the high substrate temperature, the incorporating Ga is only a fraction of the
supplied Ga. This is expressed by the equation:
FGa Incorporated = PIncorporationC
P√
mkBT
, (A.14)
where PIncorporation is the probability that an incident Ga incorporates in the alloy.
Ga which does not incorporate desorbs from the surface. The rate of desorption is
characterized by an Arrhenius equation, with activation energy of 2.88 eV. Therefore,
a conservation of Ga flux equation can be written of the form:
FGa Incident = FGa Incorporated + FGa Desorbed = FGa Incorporated + A exp(−2.88/kBT ),
(A.15)
where T is the growth temperature. Equation A.14 can be substituted into Eq. A.15
to give:
1 = PIncorporation +
A
FGa Incident
exp(−2.88/kBT ), (A.16)
where the incorporation probability is given by FGa Incorporated/FGa Incident. Equation
(A.16) can be written down for samples V3692 and V3697; hereafter subscripted by
1 and 2 respectively:
1− P1 = A/F1 exp(−2.88/0.0903), (A.17)
1− P2 = A/F2 exp(−2.88/0.0946). (A.18)
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Dividing these two equations gives a single equation linking the incorporation prob-
abilities of the two samples:
1− P1
1− P2 = 0.2341
F2
F1
= (0.2341)
3.733× 10−7/√1218.15
1.557× 10−7/√1178.15 = 0.5520, (A.19)
where the middle equality was derived using the expression for incident Ga flux, based
on the cell temperature and BEP. An additional equation can be derived linking Pi,
by dividing the equations for incorporated Ga flux:
F1i
F2i
= 0.4241
P1
P2
= 1.2529, (A.20)
where F1i/2i are the incorporated Ga flux in V3692 and V3698 respectively. Therefore,
a system of two equations is generated for the two unknowns:
P1 = 0.448 + 0.552P2 (A.21)
P1 = 2.954P2. (A.22)
These equations are solved to give:
P1 = 0.55 (A.23)
P2 = 0.19, (A.24)
which means that at the lower temperature (775 C), incident Ga atoms were three
times as likely to incorporate. Based on these probabilities, the effusion cell constant
for Ga can be solved:
CGa Cell = 5.75. (A.25)
The effusion cell constants derived in the section were used throughout the thesis
in order to quantify the group III fluxes.
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A.2 X-Ray Characterization
The structural properties of the grown III-N films were characterized with x-ray
diffraction measurements. X-rays incident on single crystalline material are scat-
tered by the periodic atoms, resulting in diffraction patterns for certain source-
sample-detector orientations. The characteristics of the diffraction intensity peaks
give structural information about the material; e.g. lattice constants, strain state,
alloy composition and defect density.
Figure A·3: Bruker D8 Discover high resolution XRD system used in
this work.
X-ray diffraction measurements were performed on a Bruker D8 Discover high-
resolution x-ray diffraction (HRXRD) system, with the copper Kα1 radiation line
(λ = 0.15406 nm). The system is shown in Fig. A·3. Measurements were always per-
formed with a Ge monochromator between the x-ray source and the sample, ensuring
single wavelength X-rays at 0.15406 nm were scattered. The system allowed for mea-
surements to be performed in both triple axis (analyzer crystal in front of the detector)
and double axis (slit of variable width in front of the detector) configurations. The
notation used to describe the relevant angles defining the source-sample-detector ori-
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entation are shown in Fig. A·4. Diffraction intensity is observed when the scattering
vector (~S = ~kF - ~kI) is equal to a reciprocal lattice vector (~G). For all measurements,
the 2θ=0 position was taken as the maximum of the direct beam scan. The ω = 0
position was found through iterative z-scans, which located the z-position where the
direct beam intensity was cut in half, and rocking curves at this z-position, which
indicated the ω position of maximum intensity. [Friel, 2004]
Figure A·4: Schematic of XRD measurement with relevant angles
defined.
A.2.1 Lattice Constant/Alloy Content Measurement
The primitive lattice vectors of a hexagonal lattice are:
~a1 =
√
3a
2
xˆ+
a
2
yˆ, ~a2 = −
√
3a
2
xˆ+
a
2
yˆ, ~a3 = czˆ, (A.26)
where a and c are the lattice constants for the particular material. The reciprocal
lattice vectors are:
~b1 =
2pi√
3a
xˆ+
2pi
a
yˆ, ~b2 = − 2pi√
3a
xˆ+
2pi
a
yˆ, ~b3 =
2pi
c
zˆ. (A.27)
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The AlN-content of an AlGaN alloy is determined by measuring the a and c
lattice constants. With a and c known, the Al composition can be extrapolated from
Vegard’s Law. (See Tab. 1.1) The a and c lattice parameters are determined by
measuring the position of multiple diffraction peaks (hkl) and using Eq. A.27 to find
a and c. The uncertainty associated with the plane spacing, ∆dhkl, of a specific point
is given by:
∆dhkl
dhkl
= cot(θ)∆θ, (A.28)
where θ is the Bragg angle of the reciprocal lattice point. Based on this result, recip-
rocal lattice points with high Bragg angles should be used to minimize uncertainty.
[Moram and Vickers, 2009]
All films in this work were grown on c-plane substrates. The c lattice parameter
is determined from the 2θ location of the (0004) and (0006) diffraction peaks. Sub-
sequent measurements of off-axis peak locations; eg. (101¯5), (112¯4), (202¯5), (202¯4),
and (303¯2), combined with the prior measurement of c, allows the determination of
a from:
|h~b1 + k~b2 + l~b3| = 4pi
λ
sin(θ), (A.29)
where λ is the x-ray wavelength. (These measurements were typically done in the
skew-symmetric geometry, such that ω = θ.) This method of measuring lattice con-
stants (and extrapolating compositions) is susceptible to errors generated by fluctuat-
ing temperatures during data acquisition, effects from the different refractive indices
of air and material, and a propagation of errors as c is measured first then used to
calculate a. According to Moram and Vickers, theses errors result in an uncertainty
of 1 part in 1×10−4. [Moram and Vickers, 2009] The total variation in a between AlN
and GaN is 0.077 A˚, therefore, every 0.001 A˚ uncertainty in a corresponds to a 1.3%
uncertainty in extrapolated AlGaN composition.
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A.2.2 Defect Density Estimation
It is common for crystals grown by heteroepitaxy to crystalize with a mosaic structure;
composed of many small crystallites roughly oriented in the same direction. Between
the crystallites are threading-dislocations which break the periodicity of the lattice,
resulting in broadened reciprocal lattice points and diffraction peaks. Structural
information is obtained by measuring the broadening of different diffraction peaks.
The main sources of broadening are:
1. Finite Lateral Coherence Length - The length of material (parallel to surface)
that x-rays scatter coherently from, which is related to the grain size.
2. Finite Vertical Coherence Length - The length of material (perpendicular to
surface) that x-rays scatter coherently from, which is related to thickness.
3. Inhomogeneous Strain - Atoms in a lattice which is initially strained and grad-
ually relaxes have a continuously varying periodicity which broadens diffraction
peaks.
4. Tilt - The distribution of the crystallite out-of-plane inclination angles.
5. Twist - The distribution of the crystallite in-plane orientation angles.
Screw dislocations, with Burgers vector of [0001], are responsible for the tilt distri-
bution of the crystallites. To measure their density, rocking curves (fixed 2θ, variable
ω) are measured in the symmetric orientation of the (0002), (0004), and (0006) recip-
rocal lattice points. Broadening in these scans is due to the finite lateral correlation
length (order independent) and crystallite tilt (order dependent). The two broadening
mechanisms are separated by Williams-Hall plots, which plot β sin(θ)/λ vs. sin(θ)/λ,
where β is the FWHM of the rocking curve, 2θ is the detector angle, and λ is the
x-ray wavelength. In these plots, the y-intercept gives the lateral correlation length
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(L = 0.9/2y0), and the slope gives the tilt angle (αω). Given the tilt angle, the density
of screw-dislocations is:
Ns =
α2ω
4.35~b2c
, (A.30)
where ~bc is the Burgers vector of screw dislocations. [Metzger et al., 1998]
The same type of analysis can be used on broadening in coupled ω-2θ scans.
In this case, order dependent broadening results from inhomogeneous strain normal
to the sample surface () and order independent broadening arises from the finite
vertical coherence length. The Williams-Halls plot is obtained by plotting β cos(θ)/λ
vs. sin(θ)/λ. The y-intercept is a measure of the vertical coherence length (Lvertical
= 0.9/2y0), and the slope of the line is 4.
Broadening of in-plane reciprocal lattice points (reciprocal lattice points indexed
by (hk0)) result from the twist distribution of the crystallites in a mosaic structure.
This angular spread, αφ, is related to the edge-dislocation density by:
α2φ
4.35~b2e
< Ne <
αφ
2.1|~be|Lvertical
, (A.31)
where ~be is the Burger’s vector associated with edge dislocations. [Metzger et al.,
1998] Therefore, it is desirable to obtain αφ from rocking curve scans. However, these
scans are impossible to measure in a reflection XRD measurement setup. An indirect
measure of the in-plane twist distribution is obtained by measuring the rocking curve
broadening of various reflections which are angularly displaced to the (0002). The
measured broadening is a convolution of tilt (βtilt) and twist (βtwist) effects. Srikant
et. al. provide an expression for how βtwist/tilt vary with inclination angle (ψ) based
on the theory of rigid body rotation:
βtilt(ψ) = cos
−1 (cos2(ψ) cos(βtilt(0)) + sin2(ψ)) (A.32)
βtwist(ψ) = cos
−1 (sin2(ψ) cos(βtwist(90)) + cos2(ψ)) . (A.33)
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To allow for an interdependence, an empirical relation was proposed defined by a
parameter, m, which could vary from 0 to 1. [Srikant et al., 1997] A value of 0
implies the tilt and twist are independent. The interaction relationship is given by:
βeff twist(ψ) = βtwist(ψ) exp
(
−mβtilt(ψ)
βtilt(0)
)
(A.34)
βeff tilt(ψ) = βtilt(ψ) exp
(
−m βtwist(ψ)
βtwist(90)
)
. (A.35)
Finally, the lineshape of both tilt and twist distributions is Pseudo-Voigt, which is
given by:
PV (x) = (1− f)G(x) + fL(x), (A.36)
where G(x) is a Gaussian, L(x) is a Lorentzian. (f is a number between 0 and 1) The
FWHM of a convolution of two Pseudo-Voigt functions has empirically been shown
to be:
βconvolution = (β
n
1 + β
n
2 )
1/n , (A.37)
which depends on the f parameter of the two distributions (assumed to be the same):
n = 1 + (1− f)2. The equations listed above define a relation for β as a function of
ψ, in terms of two fitting parameters: m, the parameter describing the interaction of
twist and tilt distributions, and βtwist(90) = αφ the angular spread of the twist angles
used in the edge dislocation density calculation. [Heinke et al., 2000, Metzger et al.,
1998]
A Python script was written to perform the above analysis. A priori knowledge
of the lattice constants are required to ensure accurate values of the Burgers vectors
and calculate the inclination angle (ψ) of a given reflection. With this information,
the rocking curve data (ω, Intensity) are imported with an associated reflection (hkl).
The rocking curves are fit to Psedo-Voigt functions using a nonlinear-least squares
fitting package (lmfit). The FWHM value is obtained from the fit along with the n
parameter. These data, together with the ψ for that reflection, is stored. Equation
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A.37 is solved over a grid of m and βtwist(90), assuming n is the average of the
extrapolated values. The (m, βtwist(90)) which give the lowest residual are accepted
as correct.
The aforementioned process is summarized in the SOP below:
1. Measure the lattice constants to be used in Burgers vectors.
2. Measure (0002), (0004) and (0006) symmetric geometry rocking curves. Use
Williams-Hall Plot to find αω, and calculate Ns with known lattice constants.
3. Measure skew-symmetric rocking curves: (101¯5), (101¯2), and (303¯2)
4. Import into Python fitting program to extract Ne.
A.2.3 Periodicity of Nanostructures
Periodic nanostructures (atomic structure factor or lattice plane spacing is periodic)
create additional reciprocal lattice points with corresponding diffraction peaks. For
a nanostructure with period Λ, along the normal of the (hkl) planes, additional re-
ciprocal lattice points will be present at:
~G(hkl) + n
2pi
Λ
~ˆG(hkl) (A.38)
for n equal to an integer. Therefore the diffraction intensity around a specific ~G(hkl)
contains satellite peaks spaced in reciprocal space by 2pi/Λ. By measuring the peak
separation, the period length can be measured. The relative intensity of the satellite
peaks is a complicated function of the Fourier coefficients describing the periodic-
ity. These coefficients are mainly influenced by interface roughness and non-uniform
period lengths within the nanostructure.
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A.3 Electrical Characterization
A.3.1 Circular Transmission Line
The circular transmission line method (CTLM), as described by Schroder, was used to
characterize Ohmic contacts. [Schroder, 2006] Most masks used in this work defined
CTLM structures with center dots of 40 µm radii (L), surrounded by a gap of width
d. The total resistance measured across the gap is given by:
RT =
Rsh
2pi
(
LT
L
I0(L/LT )
I1(L/LT )
+
LT
L+ d
K0(L/LT )
K1(L/LT )
+ ln (1 + d/L)
)
, (A.39)
where Rsh is the sheet resistance of the film, LT is the transfer length of the contact,
and I/Ki are Bessel functions of the first order.
Measurements were made using d = 10, 40, 80, 100, and 120 µm. These data were
fit to Eq. A.39 using Rsh and LT as fitting parameters. The contact resistivity (ρc)
is then calculated using:
LT =
√
ρc/Rsh (A.40)
A.3.2 Van der Pauw Technique
In 1958, J. L. Van der Pauw introduced a simple measurement from which the resis-
tivity, mobility and carrier concentration of an arbitrarily shaped thin film could be
measured. [Van der Pauw, 1958] The underlying assumptions are: (1) The contacts
are on the perimeter of the sample, (2) The contacts are small (point-like), (3) The
sample is uniform and contains no holes, and (4) The current is dominated by drift.
Figure A·5 shows a sample fabricated for Van der Pauw measurements. Vertical
and horizontal resistances are defined as follows:
Rvert ≡ VD − VC
IA→B
≡ VC − VD
IB→A
≡ VB − VA
IC→D
≡ VA − VB
ID→C
(A.41)
Rhor ≡ VD − VA
IB→C
≡ VA − VD
IC→B
≡ VC − VB
ID→A
≡ VB − VC
IA→D
. (A.42)
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where IA→B indicates current is forced into contact A, and extracted at contact B. In
symmetric samples, the four measurements are theoretically equivalent; in practice
the average of the four are used for Rhor/vert. The resistivity (ρ) is determined from
exp(−pitRvert/ρ) + exp(−pitRhor/ρ) = 1, (A.43)
where t is the thickness of the film. With known Rhor/vert, the quantity ρ/t is found
using a binary search algorithm on Eq. A.43.
Figure A·5: A sample fabricated in a clover-leaf geometry for Van der
Pauw measurements.
A.3.3 Hall Effect
The mobility is determined by measuring the resistance across the sample, defined
by:
Rdiag ≡ VA − VC
ID→B
≡ VC − VA
IB→D
≡ VD − VB
IA→C
≡ VB − VD
IC→A
. (A.44)
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The change of Rdiag (∆Rdiag) due to a magnetic field (B) gives the mobility by:
µH =
t
B
∆Rdiag
ρ
, (A.45)
where B is the applied magnetic field, ρ/t is the measured sheet resistance. Once the
mobility is measured, the carrier density is given from:
1
ρ
= qnµH . (A.46)
Figure A·6: Hall effect measurement setup used for room temperature
measurements in this work.
The experimental setup is shown in Fig. A·6. The sample is mounted (typically
with crystal wax) and wire bonded to a breakout circuit board. A current source and
voltage meter are connected to the sample through an Arduino controlled switching
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matrix. A Python script interacts with the Arduino to set the current lines and voltage
lines. In this way, all measurements are automated. The switching box contains unity-
gain buffer amplifiers on each of the four guarded triaxial cable outputs. The guarded
cables and buffer-amplifiers reduce leakage and loading, allowing measurements on
highly resistive samples. An electromagnet supplies a 7000 Gauss magnetic field for
Hall effect measurements. A Python script runs the measurements by first setting a
given current-voltage configuration then sweeping the IV curve. An example of the
collected data set is shown in Fig. A·7.
Figure A·7: (Left) IV curves leading to Rhor and Rvert. (Right) IV
curves leading to Rdiag with (red and blue) and without (black) an
applied B field.
A.3.4 Capacitance-Voltage
Capacitance-Voltage (CV) measurements were used to characterize the doping density
of deposited films. Measurements were made using an HP 4284A LCR meter; in
which the complex impedance was measured at varying bias voltages, and frequencies.
The resulting impedance values were mapped onto an equivalent circuit to extract
capacitance measurements.
In this work, reverse biased Schottky barriers were used for CV measurements in
order to estimate the doping density in uniformly doped films. In such a measurement,
a small reverse-voltage modulation (dV), modulates the stored charge (dQ) in the
128
Figure A·8: Capacitance-Voltage data extracted from reversed biased
Ni Schottky diode formed on n-AlGaN. The slope of the curve indicates
a uniform doping density of 1×1018 cm−3.
space-charge region, which gives rise to an incremental electric field: dE = dQ/,
where  is the dielectric constant of the semiconductor. Under these conditions, the
differential capacitance of the junction is:
C =
dQ
dV
=
A
W
, (A.47)
where A is the area of the junction and W is the depletion region width. The stored
charge in the space-charge region is dependent on the width of the depletion region
by:
Q = qA
W∫
0
NDdx, (A.48)
where ND is the donor density and a n-type semiconductor is assumed. The differen-
tial capacitance is given by:
C =
dQ
dV
≈ qAND(W )dW
dV
, (A.49)
where ND(W ) is the donor density at W. Differentiating Eq. A.47 with respect to
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voltage gives:
dC
dV
= − A
W 2
dW
dV
. (A.50)
Combining Eq. A.49 and Eq. A.50, gives:
ND(W ) =
2
qA2d(1/C2)/dV
, (A.51)
thus the doping density at W can be obtained from the slope of the 1/C2− V curve.
[Schroder, 2006] An example dataset used to extract the doping density of a n-AlGaN
film using a Ni Schottky barrier is shown in Fig. A·8.
A.4 Optical Characterization
A.4.1 Photoluminescence
Photoluminescence (PL) refers to the light emission of a semiconductor due to pump-
ing from a light source, typically a laser. In this work, three lasers were used: (1)
10 mW continuous wave He-Cd laser emitting at 325 nm, (2) a pulsed He-Ag laser
emitting at 225 nm, and (3) a pulsed NeCu laser emitting at 249 nm. As shown in
Fig. A·9, the light from the laser was focused on the sample to a spot of roughly 250
µm diameter. The photoluminescence from the sample was collimated, and focused
into a 50 cm monochromator. A photomultiplier tube (PMT) was used for signal
detection. The signal from the PMT was connected to the input of a SRS tran-
simpedance amplifier, which provided filtering and converted the current signal to a
voltage signal. The voltage-signal from the transimpedeance amplifier was detected
by a SRS lock-in amplifier or SRS boxcar integrator, depending on the duty cycle of
laser excitation. (The CW laser was always directed through an optical chopper dur-
ing PL measurements.) The spectrometer, lock-in amplifier, and boxcar integrator
were all controlled with a Python program. The sample is mounted on a cold finger,
which can be cooled to 20K with a closed-cycle He compressor.
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Figure A·9: Schematic of a typical pulsed-laser PL measurement.
A.4.2 Photocurrent
Photon absorption in semiconductors can create electron-hole pairs. If these charge
carriers are promoted to conduction states, they can be collected under bias. This
leads to an increased current signal under illumination; due to the photo-generated
carriers.
The photocurrent measurement setup used in this work is shown schematically
in Fig. A·10. In this measurement, light from a Xe lamp is directed through a
monochrometer, and subsequently coupled into a UV fiber. Light from the fiber is
focused onto the sample which is biased with probes. A transimpedance amplifier is
used to convert the current signal to a voltage signal. The current signal from the
transimpedance amplifier was detected using an analog-to-digital converter on a SRS
245 boxcar integrator. A microcontroller (Arduino) triggered shutter was used to
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Figure A·10: Schematics of photocurrent measurement.
block/unblock light from the Xe lamp. For each wavelength, the shutter would open,
and the photocurrent was monitored with a Python program. The shutter would
remain open until the time derivative of the photocurrent fell below a pre-defined
threshold. At this point, the shutter shut and the dark current was monitored. Again,
the shutter remains shut until the time derivative of the dark current falls below a
pre-defined threshold. Once this occurs, the monochromater wavelength is indexed
and the measurement repeats.
A.4.3 Electroluminesence
Electroluminesence (EL) was collected at the wafer level, and from packaged de-
vices. In both cases, the EL was collected with an UV fiber with attached collimator-
refocusing mount. The specifics of this measurement are discussed in detail in Chapter
6.
EL was collected under DC and pulsed conditions. Current pulses were sup-
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plied with an HP 8114A pulse generator. The current and voltage of the pulse was
monitored by means of the current-to-voltage transformer and oscilloscope setup, as
described by Sudradjat. [Sudradjat, 2013]
A.5 Fabrication
The growth and fabrication procedure starting from a p-SiC substrate, and ending
with a fabricated vertical inverted LED are shown in Fig. A·11. In order to go from
epitaxial layers to a finished device, fabrication steps are required; most notably pho-
tolithography and contact formation via metal evaporation. The fabrication processes
developed in this work are outlined below.
Figure A·11: Flow chart of vertical UV LED growth and fabrication
procedure.
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A.5.1 Mask Design and Fabrication
Masks for contact-photolithography were designed using AutoCAD. The MA6 contact
aligner used in this work supports square masks with 5” side length. The samples
investigated in this work were all 1x1 cm2, therefore, each mask was partitioned into
4 quadrants in order to address the different fabrication processes on a single mask.
Throughout the course of this work, 6 masks were fabricated.
The masks were soda-lime plates with either iron-oxide or chrome deposited on
a single side. On top of this UV-blocking material, was a layer of photoresist. The
photoresist was exposed by a UV laser-write process. For this work, the masks were
fabricated on a Heidelberg 66 mask writer unit. The first step of the mask write
process was to convert the CAD file to a series of stripes, which could be read by
the Heidelberg. The mask was then scanned underneath a focused laser, allowing
the photoresist to be exposed according the stripe pattern. The photoresist on the
exposed mask was developed using standard developers, allowing the now exposed
iron-oxide/chrome to be wet-etched.
In order to characterize device properties, epitaxial layer properties, and fabrica-
tion dependent properties, many photolithography masks were designed and fabri-
cated. The design of one such mask is shown in Fig. A·12. This 4x4 mm unit cell is
tiled across the sample. Each unit cell contains photocurrent pads, circular transmis-
sion line measurement pads, Van der Pauw / Hall effect pads, and capacitance-voltage
measurement pads. In addition, each unit cell contains 40 LED device pads consist-
ing of 1.6×10−3 cm−2 grid contacts. Furthermore, half of the grid contacts have the
capacity to be covered by transparent current spreading material intended to increase
light output.
134
Figure A·12: Schematic of 4x4 mm unit cell of photolithography mask
used to fabricate vertical inverted LEDs.
A.5.2 Photolithography
S1818 is a positive tone photoresist, which was used as an etch mask, and a metal
evaporation mask. Due to its stability in Cl plasmas, a few microns of S1818 proved
to be an effective etch mask for etching at most 500 nm of AlGaN. During the spin
coating of the photoresist, there are various steps requiring the use of a hotplate
to heat the wafer. Temperature plays a crucial role in the consistent processing of
photoresist, therefore, the temperature was measured with a thermocouple taped to
a Si wafer placed on top of the hotplate. The wafer is then placed on top of the
calibrated Si wafer, at the temperatures listed below. The steps for processing the
S1818 is as follows:
1. Before starting the S1818 process, ensure the sample is clean through ultra-
sonication in Acetone/IPA and/or Piranha.
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2. Remove anything resting on the hotplate surface. Place an old contact aligner
mask and Si wafer on the hotplate surface and heat the Si wafer to 105◦ C.
3. Place the sample on the vacuum chuck of the spinner, turn on the vacuum, and
blow dry the samples surface with the nitrogen flow gun.
4. Use a disposable pipette to coat the samples surface in S1818 photoresist -
typically 5 drops for 1x1 cm2 samples.
5. Spin the sample: 4000 RPM for 30s, with 20,000 RPM ramp rate.
6. Bake the sample on the heated Si substrate for 60s.
7. Load the sample into the MA6. Use dummy substrates of the same thickness
as the sample to cover extra vacuum holes. This will allow the WEC process to
work effectively.
8. Expose the S1818 photoresist with an approximate 150 mJ/cm2 dose.
9. Develop the exposed photoresist in MF319 by submerging the sample in a petri
dish and lightly agitating for 40 seconds.
10. Remove the sample from the developer, and rinse with DI water. Blow dry with
nitrogen.
11. Hard bake the sample on the hotplate (105◦ C) for 1 minute.
12. Use the Alpha-Step 500 surface profiler to ensure the height of the photoresist
is as expected. (∼2 µm for 4000 RPM spin)
13. Remove excess photoresist with ∼3 minutes in the plasma asher, using an oxy-
gen flow of 300 sccm and 150 W plasma power.
The above procedure produces a uniform ∼2µm film of photoresist.
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A.5.3 Reactive Ion Etching
Etching of III-N’s was required to define various test structures, and as a means to
isolate individual LEDs. The necessity of anisotropic etching and the lack of suitable
wet-etchants requires III-Ns to be etched through dry-etching techniques. In general
dry etching occurs when the sample (with suitable mask) is exposed to a plasma of
reactive species. The etching takes place through two mechanisms:
1. Chemical - a reactive plasma species combines with the substrate material to
form volatile compounds. The volatile compounds evaporate and are pumped
out of the chamber. This etch mechanism is typically fast, isotropic, and creates
low lattice damage. [Pankove and Moustakas, 1998]
2. Physical - atoms on the substrate are physically sputtered by accelerated ions.
This etch mechanism is typically slow, anisotropic, and can induce lattice dam-
age.
For the purposes of this work, plasma chemistries of Cl2/Ar were investigated.
Reactive Cl atoms are utilized for chemical etching, while ionic Cl/Ar ions are used
for physical sputtering. The boiling points of volatile byproducts are listed in Table
A.2, top panel. Cl based etching of GaAs is 3-5 times faster than GaN, however
the byproduct boiling points are higher. This indicates the rate limiting step of a
III-N etch is the initial breaking of the III-N bonds, which are stronger in III-N
material as seen in Table A.2 bottom panel. [Pankove and Moustakas, 1998] Based
on this finding, a successful III-N etch chemistry should have a physical component
for sputtering and bond breaking, as well as reactive Cl species for chemical etching.
In this work, a PlasmaTherm 790 was used for etch studies. The machine is located
in a shared facility cleanroom, and used to etch a variety of materials. As a result,
a cleaning and conditioning procedure must be used before each etch to ensure the
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Etch Byproduct Boiling Point (C)
GaCl3 201
AlCl3 183
InCl3 600
N2 -196
AsCl3 130
III-N Bond Bond Energy (eV/atom)
Ga-N 8.92
Al-N 11.52
In-N 7.72
Ga-As 6.52
Table A.2: (Left Panel) Boiling points of volatile etch byproducts.
(Right Panel) Bond energies of III-N and GaAs.
chamber condition is identical from run to run. A Lincoln Labs group has shown the
etch rate in a Cl plasma is critically dependent on the chamber chemistry. [Connors
et al., 2013] With this in mind, a chamber preparation procedure was developed:
1. Vent the chamber and wipe the insides with IPA. This will eliminate large scale
organic residue buildup.
2. Pump down the chamber and run the cleaning process: CF4/O2/Ar. The pur-
poses of the process gases are as follows:
• CF4/O2 - Remove Si based compounds from chamber walls, revealing an-
odized aluminum surface.
• O2 - Further remove organic residue from the chamber surfaces.
• Ar - Physically scrub (sputter) any other residual byproducts from the
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chamber walls.
3. Run the Cl/Ar etch process on the empty chamber for 5 min to condition the
inside of the chamber.
Once the chamber has been cleaned and conditioned, the etch process can be
performed:
1. After the chamber conditioning process, purge the chamber with N2 for 15 min.
2. Dip sample with photoresist pattern in HCl for ∼1 min. This removes surface
oxides which can lead to dead-time during the etch. [Buttari et al., 2003]
3. Vent chamber and load sample onto the middle of the chuck. Pump the chamber
and ensure sample doesn’t move when the turbo gate valve is opened. Once
base pressure is reached, wait ∼ 10 min. This allows the chamber to reach a
higher vacuum. (If the sample will not stay in the middle of the chuck during
pump down, mount it with a drop of vacuum grease.)
4. Run the etch process:
• Flow Rate: Cl/Ar : 20/6 sccm
• Plasma Power: 175 W
• Chamber Pressure 15 mTorr
5. Purge with N2 for 15 min.
6. Vent and unload sample.
7. Evacuate Cl lines and clean chamber with O2/CF4 procedure.
Under these conditions GaN, AlGaN, and AlN are etched. The etch time should
not exceed 15 minutes if using the S1818 photoresist as a mask. I found higher
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powers/longer etches caused the photoresist mask to become impossible to remove.
This is clearly shown by the optical microscope images of samples etched under 300 W
plasma power and 175 W plasma power in Fig. A·13. The residual photoresist mask
which resulted from the 300 W plasma power etch were not removed by acetone,
O2 plasma ashing, or piranha etch (H2SO4/H2O2), indicating the photoresist may
have become chlorinated or heavily cross-linked. In order to facilitate the formation
of electrical contacts without this residual photoresist, a lower power (175 W) etch
procedure was implemented as described above (See Fig. A·13 Right Panel). To
minimize the risk of cross-linking due to heating, the etch was done in a series of 1
minute pulses.
Figure A·13: (Left Panel) Cloverleaf structure using S1818 photore-
sist as Cl/Ar etch mask with RIE power of 300 W. (Right Panel) Same
structure using RIE power of 175 W.
This procedure consistently gave etch rates around 50 nm/min. The etch rate
varied slightly based on Al composition, which is consistent with bond-breaking as
the rate limiting step.
A.5.4 Metal Deposition and Contact Formation
Ohmic contacts were formed to n-AlGaN and p-SiC through sequential deposition of
metallic stacks, and annealing. Metal deposition was predominately done using an
Angstrom Engineering electron-beam and sputter deposition system. The system was
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located in the shared cleanroom of the Photonics Center, and shown in Fig. A·14. It
has a six-source electron beam evaporation module, 2 RF sputter heads, and a DC
sputter head. Base pressures of 2×10−7 Torr were achieved with a turbo-molecular
pump. Contact annealing took place in a rapid-thermal annealing (RTA) unit; also
in the shared cleanroom. In this system, the sample rested on a Si susceptor which
was heated by an array of high-power lamps. The temperature of the susceptor was
read with a thermocouple which contacted the backside of the Si susceptor. During
the anneal, light vacuum was supplied by a Venturi pump, and N2, Ar, O2, or forming
gas could be supplied. Before any samples were annealed, the system was cleaned by
running the anneal process on the empty chamber in a forming gas atmosphere.
Figure A·14: Angstrom Engineering tool used for electron-beam evap-
oration in this work.
The development of Ohmic contacts to the p-SiC substrates is described in de-
tail in Sec. 2.1.2. Ohmic contacts to n-AlGaN were based on the Ti/Al/Ni/Au
(30/120/40/50 nm) scheme described by Cabalu in his dissertation. [Cabalu, 2006]
The contact formation mechanism in this scheme is suspected to be that after high-
temperature annealing, a heavily doped TiN layer forms at the AlGaN/Ti interface.
This layer supports the formation of a thin depletion region in the n-AlGaN, allowing
tunneling. [Fan et al., 1996]
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